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Resumen por la autora, Mary J. Hogue 

Una comparacién entre una amiba, Vahlkampfia patuxent, y 

las células de un cultivo de tejidos. 

Los fibroblastos y células blancas de la sangre de embriones de 

pollo fueron cultivados en un medio de cultivo de tejidos y com- 

parados con la amiba Vahlkampfia patuxent. Las amibas fueron 

introducidas en los cultivos de tejidos, estudiaindose las reacciones 
de ambas clases de células bajo la accién de los colorantes vitales. 

Las amibas son cuatro veces mas sensitivas que las células del 

cultivo. Se compararon las mitocondrias de las células. Los 

granos de melanina de la retina del embrién fueron ingeridos por 

las amibas y las células del tejido cultivado. La autora describe 
el método de ingestion de dichas particulas por la amiba. Son 

expelidas sin digerir. Las células del tejido murieron sin haber 

expelido los grdnulos de pigmento. La motilidad se considera 

como un criterior de la vida de la amiba durante el estado de 

trofozoito, mientras que en el caso de la célula cultivada su 

reaccién hacia los colorantes vitales se ha usado para comprobar 
si esta todavia viva ossi ha muerto. 

Translation by José F. Nonidez 

Cornell Medical Collgee, New York 



AUTHOR’S ABSTRACT OF THIS PAPER ISSUED 

BY THE BIBLIOGRAPHIC SERVICE, DECEMBER 12 

A COMPARISON OF AN AMOEBA, VAHLKAMPFIA 
PATUXENT, WITH TISSUE-CULTURE CELLS 

MARY JANE HOGUE 

Department of Medical Zoology, School of Hygiene and Public Health, Johns 

Hopkins University, and the Department of Embryology of Carnegie 

Institution of Washington 

THREE FIGURES 

INTRODUCTION 

While working with tissue cells grown in culture medium I 

was much impressed with the similarity of their appearance to 

that of amoebae grown on agar-agar plates, and determined to 

make a comparative study of these two kinds of cells. The 

particular cells used for this study were the fibroblasts and the 
white blood cells from the embryonic chick and an amoeba, 

Vahlkampfia patuxent (Hogue, ’21), which is a salt-water form, 

parasitic in the digestive tract of the oyster. 

The tissue cells were grown at 39° in hanging drops of Locke- 

Lewis solution (Lewis and Lewis, 715) inverted over hard vaselin 

rings on depression slides.!_ The amoebae were taken from agar- 

agar plates made up with 0.7 per cent sodium chloride solution, 

with 0.4 per cent peptone, and kept at room temperature. 

The comparison of these two kinds of cells was made by study- 

ing permanently stained preparations, by introducing the amoebae 

into the cultures where the tissue cells were growing and here 

studying their different reactions to various vital stains and 

pigment granules and by further testing out the effect of these 

stains and pigment granules on the different kinds of cells in their 

own culture media. 

1 Mrs. Lewis kindly furnished me with tissue cultures of connective tissue and 

spleen. 

1 



2 MARY JANE HOGUE 

MORPHOLOGY AND MOVEMEN © 

At first the most noticeable difference between these cells is 

their diversity in size. The amoebae averaged 21 yu in length 

and were much smaller than the fibroblasts which measured 

50 win length. ‘The exact size of the fibroblasts is hard to deter- 

mine, as their processes are so thin and fine that their farthest 
limits are difficult to determine. ‘The amoebae always have a 
definite outline, though they are continually changing shape. 
Still another difference is that the amoebae can be observed to 
move rapidly, while the movement of the fibroblasts is too slow 

to be noticeable, though they do move as can be seen by watching 

the growth of the culture from day to day. The amoeba moves 
by lunging in one direction and then in another. The cytoplasm 

is thicker and denser than in the fibroblasts where the processes 

are very thin and flat against the cover-slip. 
In order to study the two kinds of cells together, the amoebae 

and the bacteria growing with them were introduced by means 

of a platinum loop on the cover-slip where the tissue cells had been 

growing for from twenty-four to forty-eight hours. ‘The amoebae 

began at once to crawl actively around and over the fibroblasts 

without apparently disturbing them. 

The tissue cells had to be kept at 39°C. The amoebae ordi- 

narily live at room temperature, though, as J have already shown 

(Hogue, ’21), they can be kept at 35°C. for twenty-four hours, 

after which they showed a decided tendency to encyst some time 
during the following week, the encystment not following immedi- 

ately on their removal from the high temperature. When the 
amoebae were brought into the warm box, where the cultures 

were examined microscopically, their rate of motion was greatly 

increased. ‘They were now moving rapidly, and continued to do 

so as long as they were kept at this high temperature. 

REACTION TO BACTERIA 

The presence of the bacteria, which were chiefly non-patho- 

genic bacilli serving as food for the amoebae, was very harmful 

to the tissue cells. They evidently could not stand the toxic 
effect of the bacterial waste products. In a few instances some 
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of the fibroblasts lived twenty-four hours after the introduction 
of the amoebae and the bacteria into the tissue culture, though 
most of the fibroblasts pulled in their processes and contracted 
into small oblong masses within a few hours after the introduction 

of the amoebae and bacteria. Later they went to pieces, while 
the amoebae moved about quite normally in this new medium 

(Locke-Lewis), and lived for over two weeks, when the experiment 

was discontinued. 

REACTIONS TO STAINS 

Neutral red 

In trying out the effect of vital stains on the cells it was found 

that a very weak solution of neutral red was sufficient to give an 

excellent stain. When neutral red 1 to 10,000, the proportion 

used for tissue-culture cells, was used with the amoebae, they 

would immediately round up, stain red, and die. This solution 

was sometimes allowed to dry on a cover-slip, which was then 

put down on the drop of Locke or normal salt solution containing 
the amoebae. The neutral red would gradually diffuse into the 

medium and stain the neutral-red granules and vacuoles of the 

amoebae without immediately killing them. Experiments with 
neutral red of different strengths were made; 1 to 40,000, 1 to 

60,000, and 1 to 80,000 in Locke solution were all good and not 

sufficiently strong to kill the animals. Amoebae were kept in 

hanging drops of Locke solution with neutral red 1 to 40,000 for 

nine days; at the end of this time they were moving slowly and 

had a few neutral-red granules. In another set of experiments 

the amoebae were kept in Locke solution with neutral red 1 to 

80,000 for twenty-four hours. At the end of this time most of 
them had lost the stain, so Locke with neutral red 1 to 60,000 was 

added, and they continued active with stained neutral-red gran- 

ules for seven more days, when the experiment was discontinued. 
This is especially interesting, as in tissue cultures the disappear- 

ance of the color from the neutral-red granules was always taken 

as an indication that the cells were dead. With the amoeba 

after the color has disappeared the granules can be restained with 

neutral red and the amoeba is still normally active. 
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The disappearance of the neutral red from the amoeba seems 

to be due to oxidation. One small amoeba was watched for five 

hours. At 9:00 in the morning it contained fifteen neutral-red 

granules. The color gradually faded from these granules until 

by 11:30 only one granule had the neutral-red color and by 12:00 
this color had disappeared. The granules themselves did not 

dissolve, but could be still seen in the amoebae. Unfortunately, 
janus black no. 2 had been also used, and this eventually kills 

the cells. However, at 4:30, this particular amoeba was still 

Fig. 1 Amoeba showing neutral-red granules of different sizes and neutral- 

red vacuoles containing one or two neutral-red granules. 12.5 ocular, 1.9 oil 
immersion. 

very active with numerous stained mitochondria, but the next 
morning it was dead. 

The neutral-red granules and vacuoles were of varying size 
andnumber. Some amoebae had many small granules and many 

large vacuoles, which contained from one to two granules (fig. 1). 

In the fibroblasts one frequently finds neutral-red channels, but 

they have never been observed in the amoebae. 

Brilliant cresyl blue 2 b 

The amoebae were much more sensitive to this stain than were 

the tissue-culture cells. One drop of a weak solution was added 
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to the tissue culture. The fibroblasts responded at once in the 

usual way (W. H. Lewis, ’19) to this stain. Many of the vacuoles 

stained pink with one or more purple granules. The vacuoles 

were grouped around the nucleus and centriole, just like the 

neutral-red granules. This same solution applied to the amoebae 

stained the cytoplasm a pale blue, the granules a purple blue, 

and the karyosome of the nucleus a purple blue with a clear 

area in the center. The nucleus with its karyosome and clear 
area were pulled away from the endoplasm out into the ecto- 

plasm. The amoeba moved slowly and sent out many large 

clear pseudopodia, a kind of lunging movement similar to blebs 

in tissue cells. Within half an hour the granular endoplasm had 

contracted into a solid blue mass of irregular shape, the nucleus 

remaining in the ectoplasm. Motion had stopped and the 

amoeba was dead. 
This solution of brilliant cresyl blue was diluted one-half with 

Locke solution and applied to the amoebae. This time about 
half of the endoplasmic granules took the deep blue stain, the 

other half remained unstained and were quite refractile. The 
karyosome stained purple as before, but with a bluish purple 

area around it and the cytoplasm was a pale blue. The amoebae 

moved actively, but in a short time the granules lost their color 

and the nucleus and cytoplasm stained more deeply and the 

amoebae were dead. 

When the solution was again diluted one-half and added to a 
new hanging drop of amoebae, the effect was the same as that on 

the tissue cells with a solution four times its strength. The 
nucleus was not stained. The endoplasm contained purple 

granules as well as the pink vacuoles with their purple granules. 

The amoebae moved rapidly and progressed normally. 

Methylene blue 

The solution of methylene blue, when added to the tissue cells, 

did not stain the nucleus nor cytoplasm. The vacuoles stained 

blue and the one or more granules within them took a deep blue 
stain. Blebs were forming on many of the cells. The same 
solution added to the amoebae stained the karyosome a deep 
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blue, the granules a deep blue, and the cytoplasm blue. The 
nuclear area around the karyosome remained clear and the 
amoebae moved freely. Later they rounded up into blue balls 

surrounded by a lighter blue ectoplasmic area. In this area the 

nucleus was usually found away from the endoplasm. The 
amoebae were dead. 

When the solution of methylene blue was diluted one-half, the 
effect on the amoebae was the same, though the animals did not 

die so quickly. When it was diluted one-fourth of the original 

strength, it stained the amoebae the same as the original solution 
had stained the tissue-culture cells. The cytoplasm was clear, 

the nucleus unstained and invisible except as a clear area in the 

endoplasm free from granules. Many of the granules were 

colored blue, though not all took the stain. To this stain also 

the amoeba cell is four times as sensitive as the tissue-culture cell. 

MITOCHONDRIA 

The amoebae were treated with janus black no. 2. A very 
weak solution was used, as otherwise the amoebae would contract 

and die without showing the mitochondria at all plainly, though 
the nucleus stained well. 

When the amoebae stained slowly the mitochondria appeared 
as small short rods, like bacilli, in among the neutral-red granules 

(fig. 2). Some of the mitochondria were round, and frequently 

after they had been stained for some time groups of three or four 

small mitochondria would be found in among the larger ones 

(fig. 3). No long branching mitochondria were found in the 
amoebae, though they are very common in the fibroblasts. The 

mitochondria retained the stain and were visible as long as the 

amoebae were alive. This stain seemed to have a stupefying 

effect, as the amoebae died with their pseudopodia extended 

instead of rolling up into balls. 

The mitochondria, when the amoeba is dying, have very 

marked brownian movement. In the later stages of death the 
mitochondria move out into the clear ectoplasm which before has 

been free from granules of all kinds. This does not occur in the 

tissue-culture cells, as I have already shown (Hogue, 719). 
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REACTION TO MELANIN PIGMENT GRANULES 

In studying the amoeba’s reaction to melanin pigment gran- 

ules, I first introduced the amoebae into tissue cultures of the 

spleen which had been growing with the melanin pigment from 
the retina of a chick embryo for from twenty-four to forty-eight 

hours. Later I simply put the granules into hanging drops of 

0.7 per cent normal salt solution with the amoebae. 

As soon as the amoebae recovered from being transferred and 

were moving about with their large ectoplasmic pseudopodia, 

they began to take in the pigment granules. The amoebae 

reacted differently to these granules which were in great numbers 

Fig. 2. Amoeba stained with neutral red and janus black no. 2. The neutral- 

red granules are clear, the mitochondria are solid black. 12.5 ocular, 1.9 oil 

immersion. 

Fig. 3 Amoeba stained with janus black no. 2. The mitochondria are oblong 

and a few small ones are arranged in groups. 12.5 ocular, 1.9 oil immersion. 

and were showing brownian movement. Some of the amoebae 

at once took in large numbers of the granules, others only a few, 

and still others moved about freely among the granules without 
taking in any of them. There was evidently some difference in 

the physiological condition of the amoebae at that time. 
Many of the granules were oblong, so that it was easy to deter- 

mine their movement in the cells. ‘They always entered by way 

of the anterior pseudopodium, whether it was one large pseudo- 

podium or two smaller ones. The amoeba took in the granules 

in the same manner that it takes in its food. The granules had 

to be in the same plane as the advancing pseudopodium. If 

they were above it or below it the amoeba simply went past it 
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without taking it in. The granules could lie in any position in 

relation to the advancing pseudopodium. They were horizontal 

and perpendicular to it and at times formed an angle with it. 
Often they were swung around from a perpendicular to a horizon- 

tal position and vice versa, and sometimes they swung from a 

perpendicular or horizontal position to a slanting one and vice 

versa as they entered the ectoplasm. Once in the ectoplasm 

their position was constant until they reached the endoplasm. 
As soon as they were there, they were whirled about by the endo- 
plasmic currents. 

As a rule, only one granule was taken in at a time, though I 

have seen a group of three go in at once, and frequently two gran- 

ules will be taken in at different parts of the pseudopodium at the 

same time. The amoeba is capable of taking in a large number 

of these granules. Four hours after the pigment granules were 

introduced into the hanging drop of amoebae, the amoebae were 

filled with the granules. They had at least a hundred granules 

and resembled the pigment cells of the retina, except for the fact 

that they were moving rapidly. 

The amoeba takes the granules in by simply pushing against 

the granules with such force that the granule pierces the ecto- 

plasm. For this reason the granule to be taken in must be in 

the path of the advancing amoeba. If it is to one side of the 
anterior pseudopodium it is passed by; if it is near the side of 
the pseudopodium, but still anterior to it, it may be taken in or 

it may be pushed off farther to the side, depending on how far to 

the side it is and also on how rapidly the amoeba is moving. If 
it is moving very fast the granules near the outer edge of the 

anterior pseudopodium are much more likely to be pushed away 

than to be taken in, or they may remain attached to the amoeba 

like the spines of a sea-urchin and be passed back along the edge 
until they reach the posterior end. Here they frequently remain 

attached for a long time, but are never taken in at this point. 
When the amoebae have been in a medium full of these melanin 

granules for some time many of them are found carrying at least 

fifty or more granules on their pointed posterior ends. They 

fairly bristle with the pigment granules at this point. 



AMOEBAE VERSUS TISSUE CELLS 9 

After the granules have entered the endoplasm, they circulate 

freely through it. Sometimes two or more will unite and occa- 

sionally a vacuole will form about these fused granules. Some- 

times there will be as many as three or four clumps of granules 

in one vacuole. These vacuoles are heavy and lag behind in the 

posterior part of the amoeba. Eventually they come in contact 

with the outer edge of the amoeba. After that they soon break, 

discharging the pigment granules to the outside. Some of the 

eranules remain attached to the amoeba, others, more forcibly 

ejected, float away in the medium. In this way the amoeba 

gets rid of the melanin pigment. After twenty-four hours most 

of the amoebae had given off the granules and were moving about 

freely among the granules without taking them in again, at least 

not in such large quantities as when the granules were first intro- 

duced into the hanging drop. The amoebae never digested the 

melanin pigment. 
Small mononuclear blood cells were present in large numbers 

in the tissue cultures of spleen. These the amoebae took in, 

carried them about for a while, and then gave them off. Several 

of them would often remain sticking to the posterior end of the 
amoeba along with many pigment granules. All this weight did 

not seem to retard the movement of the amoeba. 
These results are somewhat similar to those obtained by Smith 

(21) with tissue-culture cells, except that the tissue cells take 

in the melanin pigment at all parts and the pigment granule 

must always be horizontal to the surface of the cell where it is 

entering. He notes the formation of vacuoles, but could not 

determine the ultimate fate of the granules, as the life of the 
tissue-culture cells is short, and they died without discharging 

or digesting the granules. 

DEATH 

Ordinarily when the nucleus and cytoplasm of a tissue-culture 

cell have taken methylene-blue or brilliant cresyl-blue or neutral- 
red stain, the cell is said to be dead. Again in tissue-culture 

cells, when the color of the neutral-red granules fades and they 
become clear, the cell is thought to be dead (Lewis, 719). With 
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the amoeba a different standard must be used. In one experi- 
ment already cited the amoebae were treated with neutral red 

and with janus black no. 2 at 9:30 in the morning. The neutral 

red color had disappeared at 12:00, noon, but at 4:30 in the 
afternoon the amoebae were still moving actively. The next 
day they were dead. 

This is also true of both brilliant cresyl blue and methylene 

blue. The amoeba moves rapidly after its nucleus and cyto- 
plasm have both become stained. It is evident, therefore, that 
these old criteria of the death of a cell cannot be applied to an 

amoeba which still continues to move. Indeed, one can wonder 

whether the tissue-culture cells are really dead when their nuclei 

and cytoplasm have taken these stains. 

When these amoebae are alive they are actively sending out 

pseudopodia. Usually these come from only one part of the cell 

at a time, though any part may send them out. The amoebae 

not only send out pseudopodia, but they move rapidly. As the 

animals begin to die, progression is less rapid, though the pseudo- 

podia are formed very quickly. Then gradually the pseudopodia 
are formed more slowly, then only at one end of the amoeba, and 

eventually they are simply blebs which flow from one side of the 
amoeba to the other until finally all motion stops and the amoeba 
is dead. 

From the fact that locomotion and motion become gradually 

less and less as the amoeba is dying, it seems evident that the 
motion of an amoeba and not its reaction to vital stains should 

be the ultimate criterion of life in the trophozoite stage. 
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Resumen por el autor, Theophilus 8. Painter 

Estudios sobre la espermatogénesis de los Mamiferos. 

I. La espermatogénesis del opossum (Didelphys virginiana) 

El presente trabajo ha sido emprendido con el fin de aclarar 

los resultados contradictorios sobre el numero de cromosomas 

obtenidos por Jordan y Hartman. El autor ha hallado 22 cro- 

mosomas en las espermatogonias. Los dos mds pequefios con- 

stituyen un complejo cromosémico X-Y tipico, que puede obser- 

varse durante la maduracién. En la primera divisién madurativa 

existen en el huso 11 cromosomas, diez de los cuales son tetradas 

y el otro el cromosoma X-Y. Los elementos X e Y se separan 

durante esta division de tal modo que los espermatocitos 

secundarios llevan 10 autosomas més X o 10 autosomas mas 

Y. Ambos tipos de cromosomas sexuales se dividen ecuacional- 

mente en la segunda divisién de maduraci6n. 

Las células somaticas de embriones, en' vias de divisi6n, 

presentan en todo caso 22 cromosomas, pero en el caso de-los 

machos el complejo X-Y existe y en las hembras encontramos 
2X. El autor llega a la conclusién que Jordan no pudo hallar 

mas de 17 cromosomas espermatogoniales a consecuencia de la 

fusion de los cromosomas en su material. El ‘‘cromosoma 

accesorio”’ descrito por dicho autor es probablemente una tetrada 

desplazada. El error de Hartman sobre el ntmero de 

cromosomas se debe a una divisién longitudinal de una de las 
tetradas en el huso del segundo glébulo polar. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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STUDIES IN MAMMALIAN SPERMATOGENESIS 

I. THE SPERMATOGENESIS OF THE OPOSSUM (DIDELPHYS 

VIRGINIANA)! 

THEOPHILUS S. PAINTER 

EIGHT TEXT FIGURES AND THREE PLATES (TWENTY FIGURES) 

INTRODUCTION 

The opossum, along with many other mammals, is a form for 

which the diploid or somatic chromosome number is a matter in 

dispute. In 1911 Jordan gave an account of the spermatogenesis 

of this animal. His results as they touch the chromosomes are 

briefly as follows: 17 chromosomes were found in dividing sper- 

matogonia; in the primary spermatocytes 9 chromosomes were 

present—one of these was bipartite in form and passed apparently 

undivided to one pole of the spindle; in part of the second sper- 

matocytes this bipartite element was found, in others it was 

lacking. Because of its behavior and distribution, Jordon inter- 

preted this bipartite chromosome as the true sex-chromosome, 

and from his description it is clear that one half of the sperm 

carry this element and one half lack it; in other words, that the 

male opossum possessed the X—O type of sex-chromosome. No 

further work upon the male opossum has appeared except a short 
note by the author (Science, May 27, 1921) in which the main 

results of this paper were outlined. 

Recently, Hartman (’19) working upon the early stages of 

opossum embryos, reports that in the ova (polar-body spindles) 

he finds from 10 to 12 chromosomes. Since 12 chromosomes are 

found in several spindles where the chromosomes are most favor- 

ably placed for counting, Hartman concludes that this is the 

true reduced or haploid number. From this it would follow of 

1 Contribution no. 150, from the Department of Zodlogy, University of Texas, 

Austin, Texas. 
13 
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course that the diploid or somatic chromosome number for the 

female opossum is 24.? 

The discrepancy between Jordan’s and Hartman’s counts 

amounted to 6 chromosomes—a number far too large to be 

explained on the basis of differences in the sex-chromosome 
complex. 

The author undertook the present work with a view of deter- 

mining, if possible, the cause for the difference in the chromosome 

counts of the two investigators whose work has just been cited. 

The problem, however, is not simply a matter of chromosome 

numbers, but one which has a broad and very important bearing 

upon the whole subject of spermatogenesis and sex-determination 
in the mammals. For the discrepancy in the works upon the 

opossum is typical of the confusion in the literature over the 
number of chromosomes for many other mammals; in fact, there 

is less difference in the counts for the opossum (6 chromosomes) 

than for such forms as the pig (where 18 and 40 have been given 

as the diploid numbers), or for the male of the human species, 

which has been variously reported to have 22, 24, and 47 chro- 

mosomes.’ It is clear that, as long as the total number of chro- 

mosomes possessed by an animal is a matter of doubt, we cannot 

safely accept any conclusions regarding the sex-chromosomes of 

that form. 
In a paper on the spermatogenesis of lizards, the author 

(21a) has shown that the presence of a bipartite body at 
one end of a spindle in maturation divisions does not neces- 

sarily mean that it is a sex-chromosome as has been so often 

assumed in vertebrate spermatogenesis. It is frequently either 

a whole tetrad or half of a tetrad which has divided, the other 

half remaining in the equatorial plane of the spindle. In the 

present paper (p. 30) a number of such false sex-chromosomes 

2 Hill (17), working on the South American opossum, Didelphys aurita, 

estimated that there were 12 (haploid) chromosomes in the egg of this species. 

3’ Wodsedalek (13), gives 18 as the diploid chromosome number for the pig, 

while Hance (’17) shows that there are 40 chromosomes in both the germinal 

and somatic cells. Among the recent counts for the male of Homo sapiens we 
have the following: Guyer (710), 22; Montgomery (’12), 23 or 24; von Winiwarter 

(712), 47; Wieman (717), 24. 
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are shown (text fig. 7). It is not to be doubted but that some of 

the ‘accessory chromosomes’ reported by different investigators 
of mammalian spermatogenesis are of this false type. 

In addition to the question of chromosome number and of sex- 
determination in the opossum, a number of points of rather 

special interest to cytologists are touched upon; chief among these 

is the phenomena of so-called ‘double reduction’ first described 
by Guyer (’09) and reported for the opossum by Jordan. 

MATERIAL AND METHODS 

The present study is based upon the testes of four opossums 
and upon the dividing somatic cells of eight embryos. 

In Texas the breeding season for the opossum begins in Janu- 
ary. The males, upon which this study was made, were oper- 

ated on as follows: one male on October 8, 1920; one male on 

November 15, 1920, and two males on January 14, 1921. Mature 
sperm, dividing spermatogonia, and cells in all stages of matura- 

tion were found in all the males but the maturation stages were 

more abundant in the individuals whose testes were preserved in 
January. 

In the first male, an attempt was made to secure fixation by 

injecting the fixing fluid into the blood system, as Allen (’19) 

recommends. Only partial success attended the use of this 
method. Spermatogonial chromosomes (fig. 1) show up with 

sharpness, but the first and second spermatocyte divisions are 
badly masked by chromosome fusion. This may be due to the 

ether used in anaesthetizing the animal. In the other cases, no 

ether was used. The males were tied down, the scrotal sacs cut 
open with a razor and the testis removed. The testis was cut 

into several pieces with scissors, and then one or more of these 
pieces dropped into the fixing fluid, and the tubules quickly 

teased apart, so that complete penetration would be secured. A 

period of less than thirty seconds elapsed between the time the 
tubules were receiving blood from the animal and were being 
bathed in the fixing fluid. 

Two preserving fluids were used. One was modified Bouin’s 

solution, suggested by Allen (’16, 719), warmed to about 38°C. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 1 
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The other was the cold Flemming method, with urea, as recom- 

mended by Hance (717). The modified Bouin’s fluid gave superb 

preparations for all stages of maturation, and was the more 

satisfactory of the two preservatives. However, it is my experi- 
ence that for spermatogonial and somatic divisions, no preserva- 

tive can surpass the results obtained by cold Flemming to which 
urea is added. 
A great deal of care was used in handling the material after 

preservation. When modified Bouin was used, the suggestions 

of Allen (19) for washing and dehydration were closely followed. 

As an agent for securing rapid mixing of fluid, I used air which 

4For the convenience of the reader, the exact technique employed is given 

below. The modified Bouin fluid is made up as follows: 

A. Picric acid, saturated aqueous solution................. 75 ce. 

BOT Ol: ) Gee a Pe 85 SBS on boo cree ae 25 ce. 

Glagial aeenre ACO. esas ee oh as ss ye se ee 10 ce. 
BMEChromicracie "Cry Stalssemne eee ae fe eo eee: See ee 1.5 grams 

Urea; aryatalls: (ii; fee ete Be, Gaited: Co. CR eas 2.0 grams 

The ingredients under A may be mixed and kept as a stock solution. Just 

before using the chromic acid and urea should be added, in the order named, and 

the solution heated to about 38°C. 
In operating for the removal of tissue, the fixing fluid is kept in a water-bath 

on the same table. Immediately on removal, the testis is slit open and a small 

mass or two of the tubules are cut out with scissors and dropped into the fixing 

fluid. The tubules are quickly teased apart so that each of them will be exposed 

to the action of the fixative. Fixation at 38°C. is carried on for about an hour. 

The tissue is then placed and washed in 5-per cent alcohol. Using the drop 
method throughout (an ordinary burette is useful), the tissue is brought through 

the following solutions: 10 per cent alcohol, to which a few drops of a saturated 

solution (aqueous) of lithium carbonate has been added. It is kept in this 

solution until most of the picric acid has been removed. Then 50 per cent alcohol 

is added until the strength of the solution is about 35 per cent. Then a mixture 

of equal parts of aniline oil and 50 per cent alcohol is dropped in. This is fol- 

lowed by a similar mixture of 70 per cent alcohol and aniline oil. Next, pure 

aniline oil is added and the tissue cleared in this. The aniline oil is replaced by 

wintergreen oil. From this it is embedded in paraffin, but the tissue is passed 

through some six or eight changes in which there is an increasing proportion of 

paraffin. The time taken for embedding is around three hours. 
In the second method, urea is added to ordinary strong Flemming solution to 

the extent of 0.5 gram per 100 cc. The solution is then chilled with ice to about 

4°C. The tubules are teased out in this fluid and kept in it on ice for twenty- 

four hours. Subsequently it is washed and treated in the ordinary way. From 

95 per cent alcohol one may pass to oil of cedar (using the drop method), then 

zylol, and finally paraffin. 
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was forced to bubble through the solutions containing the 
material. After using Flemming, Hance’s suggestion of clearing 

with cedar oil directly from 95 per cent alcohol was followed. 
The embryos employed were both unborn and pouch young. 

Only the cold Flemming method was used for preserving this 
material. 

Embedding was carried on in the usual way and sections cut 

at from 6 to 8u. Iron-haematoxylin was the method used for 
staining. 

The author is indebted to Dr. Carl Hartman for much of the 

living material used for the present work, and also for the priv- 

ilege of examining some of his preparations of polar spindles, 

which will be found figured on page 36. 

SPERMATOGONIAL DIVISIONS 

Dividing spermatogonial cells, in equatorial plate view, show 

22 chromosomes (figs. 1 to 6, see also somatic divisions, fig. 5, on 

page 26). Of these 21 are elongated rods, of various sizes, bent 

or shaped in characteristic ways, and one small rounded chro- 
mosome. There are no typical V-shaped chromosomes in the 

opossum complex. Usually the twenty largest chromosomes 

form a ring about the two smallest (figs. 1 to 4, also somatic 

divisions), but occasionally this condition does not obtain (figs. 

5 to 6). On inspection of the figures it will be noted that there 
are a number of pairs of chromosomes, similar in size and shape; 

and, further, that the two chromosomes lying in the center of the 

spindle are decidedly smaller than the remaining twenty elements. 

This fact is important and is shown in all figures (figs. 1, 2, 3, 4, 

and 6) where there is no great foreshortening of the chromosomes. 
It is brought out, best, perhaps, by arranging the chromosomes of 
any spindle in their approximate size relations. In text figure 1 

the chromosomes of the cells shown in figures 2, 4, and 6 are 

copied by the aid of a copy camera lucida, and arranged in 
approximately the order of their size. It will be seen, first, that 

the twenty larger chromosomes can all be paired up, with more 

or less accuracy, and, secondly, that the two smallest chromo- 
somes not only are decidedly smaller, but that they have no 



18 THEOPHILUS S. PAINTER 

synaptic mates of the same size. These two smallest elements 
are, as will be shown, the sex-chromosomes, the rounded element 
being the Y-component and the bent rod the X-component. In 

o> és, 

a ae as 
= ad & x 

ee 
me Res. & 

i = aE — 
— we @s a @u oe: tee 

ea Cae. 

pel Bre ln 
SEP ae Se 
Pe EE, ee 

Pro SER ae 
&*. eu P= 
es - = 
ve ae. eee 

Clad es 
ere 

¢ Aes 

Text fig. 1 Showing the chromosomes of three spermatogonia, arranged in 

approximately the order of their size. The X- and Y-chromosomes are labeled. 

figures 1 to 6 the Y-element appears as a rounded body, very 

conspicuously smaller than the other chromosomes. The X- 
component frequently shows one end of the rod larger than the 
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other (fig. 4) or it may even appear as two unequal egg-shaped 
chromosomes joined as in figure 1. This inequality in the two 
ends of the X-element persists throughout maturation. 

The autosomes are all more or less rod-like, but in some cases 
there is a tendency for the inner end of a chromosome to be smaller 

than the outer; the inner end may even be bent at an angle to the 

rest of the chromosome. 

The cells figured (1 to 6) are taken from three different males; 

there is no appearance of any fusion of the chromosomes and 

little overlapping (fig. 1, 2, or 4). In some cells there is a tend- 
ency for certain chromosomes to occur together, either lying side 
by side (fig. 6) or one partly on top of the other (fig. 5). In 
poorly preserved material such chromosomes would doubtless 
appear as one element. 

In addition to the counts figured in plate I a great number of 

other drawings of dividing spermatogonial cells were made by 

the aid of a camera lucida, and counts then verified. In every 
case 22 was found to be the number of chromosomes present. 

The division of spermatogonia offers no point of especial 

interest, as it proceeds in the usual way. No lagging behind of 
any elements has been seen. 

FIRST MATURATION DIVISION 

The author has made no attempt to follow in minute detail 
the changes which the chromosomes undergo from the early 

growth period to the time when they enter the first maturation 
spindle. Jordan has clearly figured and described the essential 
facts; my own preparations show stages similar, in the main, to 
those found by him. A few points illustrated in text figure 2 

will be touched upon. The so-called ‘diffuse stage’ (text fig. 

2, A) is characterized by three nucleoli, which lie scattered among 

the faintly staining chromatin knots. The two smaller nucleoli 
are unequal in size. With the appearance of the leptotene 

threads, some deeply staining areas are found in the nucleus, 

which probably represent one or more of these nucleoli. The 

pairing of the leptotene threads is seen with almost schematic 

clearness in the opossum. In text figure 2, B are three pairs 
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of threads, drawn as they lie in one nucleus. We have three steps 
of the fusion illustrated here—the threads lying more or less 
together, a pair of threads in which partial fusion has taken place 

and a pair of threads in which all but the ends have joined to- 

Text fig. 2. Various stages taken from the growth period of the first sperma- 

tocytes. 

gether. The single leptotene threads are distinctly knotted, and 
in synapsis these knots join together. There is some contraction 

(synezesis) of the nuclear content at this time, but it is not very 

marked. The ‘bouquet stage’ (text fig. 2, C) is a striking fea- 

ture of many of my slides. In addition to the thread loops, one 
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often sees clearly the deeply staining chromatin masses labeled 

X and Y. Following this period, the chromatin threads expand 

until they fill the entire nucleus and the chromosomes become 

woolly in appearance (text fig. 2, D and E). The whole cell 

remains in this phase for a considerable time. In early stages 

(text fig. 2, E) three nucleoli are found, but the homologies of 

these with those described in the early growth period (text fig. 
2, A) arenot clear. As this stage advances, however, two of the 

nucleoli seem to disintegrate, they swell, lose their affinity for 

the stain, and eventually disappear from view. Some indication 

of this may be seen in text figure 2, E. The third nucleolus 
persists and frequently has a form (text fig. 2, D) which suggests 

that it is made up of the X and Y chromosomes lying side by © 

side. The contraction of the diplotene threads follows the dis- 

appearance of the two nucleoli, and the tetrads of the first matura- 

tion spindle take on their characteristic forms. 

In the first maturation division spindles, there are 11 chromo- 

somes (figs. 7 to 11). It has proved difficult and unsatisfactory 

to determine the number of chromosomes present from ordinary 

equatorial plate views. The reason for this is not because of a 

fusion of the elements, but because of the shapes of the chromo- 

somes themselves, as a glance at the figures will show. In side 

views of the spindles, particularly just as the tetrads are entering 

the spindles, and in slides in which destaining has been carried 

out to an advanced degree, one can usually make out ten typical 

tetrads and an eleventh chromosome which is tripartite in form, 
that is, made up of two egg-shaped elements, and a blunt rod 
joined end to end. This is the X-Y chromosomes complex. (In 

fig. 10 two of the chromosomes, which lie underneath the rest 

are drawn out at one side.) 
The ten tetrads have such characteristic forms, that after 

experience one can usually identify all of them and determine 

which are lacking, in case the spindle has been cut in two. In 

text figure 3 the typical shapes of these tetrads, as taken from 

two cells (figs. 7 and 10), are shown. A comparison of the 
chromosomes figured in text figure 3, with the spindles in figures 

7 to 12, will enable the reader to identify most of the elements 
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for himself. Once one learns to know the shape of the individual 
tetrads, then polar views of equatorial plates are intelligible and 

in all complete spindles 11 chromosomes are found.® 

The history of the sex-chromosome complex is given in the 
adjoining text figure 4. A close inspection of this complex 

(labeled XY, figs. 7, 10, 12 and text figs. 3 and 4) shows that it 

is made up apparently of three elements arranged end to end. 
(Only two spermatogonial chromosomes are involved.) There 
are two egg-shaped masses, the X-element and a blunt rod which 

is the Y-chromosome. The egg-shaped mass lying distal to the 

equatorial plate is somewhat larger than the other similar body. 

RRAS Del Ld 
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Text fig. 3 The chromosomes of the first maturation spindle. All are tetrads 
except the X-Y elements. 

The Y-chromosome may appear as bulged at one end (figs. 7 
and 10), but more frequently it is simply an el 

chromatin (text fig, 4, A to E). 

The behavior of the X-Y chromosome compl 
in figures 7, 8, 10, 12 and in text fig.4. The time o 

be early (text fig. 4, A, B, and C) or late when these elements are 
found lagging behind in the spindle (text fig. 4, D and E). In 

either case the plane of division is such that the egg-shaped ele- 

5 The fact that mammals have elongated tetrads in the first maturation divi- 

sion (the author has observed them also in the bat and the striped skunk) un- 

doubtedly explains the great difficulty which has been experienced in making 

counts at this period. 
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ments, or X-chromosome, go to one pole, while the Y-chromosome 

goes to the other. No exceptions to this have been noted. 
As a result of the first maturation division, the secondary sper- 

matocytes all receive 11 chromosomes, but in half of these cells 

Text fig. 4 Showing various stages in the separation of the X- and Y-chromo- 

some elements in the first maturation division. 

we have the X-element and in the other half the Y-chromosome 

is present. 

A distinct resting stage follows the first maturation division, 
as Jordan has described and figured. I fail to find, however, 

any very striking differences in the nucleoli of such resting cells. 
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Frequently, in first spermatocyte cells, a chromatoid body is 

found (labeled chr. in fig. 3, text fig. 4, B and D). It usually 

lies well out of the spindle, and no attempt has been made to 

follow its history during maturation. 

SECOND MATURATION DIVISION 

In equatorial plate views all secondary spermatocytes show 

the presence of 11 chromosomes (figs. 13 and 17); of these the 

autosomes are all typical bivalent or dumb-bell-shaped elements. 

The sex-chromosome varies in appearance, depending on whether 

we are dealing with the X-component (fig. 13) or the Y-component 

(fig. 17). The X-element usually appears as a quadripartite 

(fig. 13) and the Y-element as a short rod (fig. 17) sometimes 

bipartite. 
The history of the second spermatocytes is given in figures 13 

to 20. In figure 18 we see the X-chromosome as it appears in 

side views of the spindles, and in figures 16 and 19 we can follow 

the distribution of this element to the spermatids. It will be 

noted that each spermatid received a pair of egg-shaped chromo- 

somes which are joined together. Figure 14 is a polar view of 

one end of a second spermatocyte spindle (telophase) showing 

the X-chromosome plus 10 autosomes. 
When the Y-chromosome is present in the spindle (fig. Lie 

it divides equationally (figs. 15 and 20), each spermatid receiving 

a Y-element. 
Figures 19 and 20 are two cells, which in the testis lie end to 

end. They are probably the daughter cells of a single first 
spermatocyte, as no other cells in a similar stage are close to 

them. In the one daughter (fig. 19) the X-element is seen 

dividing and in the other daughter (fig. 20) the Y-chromosome 

is dividing. 
It seems to have been the common experience of a number 

of workers on mammalian spermatogenesis that in the second 
spermatocyte there is a tendency of the chromosomes to fuse in 

pairs, thus bringing about what has been termed by Guyer 

‘double reduction.’ In my slides the fact cannot be denied that 

some of the chromosomes do fuse in a way which is suggestive 
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of double reduction. ‘This is especially apt to be the case where 

the second spermatocyte cells lie deep within the tubule. On 
the other hand, when the second spermatocyte cells lie near the 

periphery of the tubule, there is no trace of such a fusion. The 

chromosomes are as distinct and separate as one could wish. 

THE CHROMOSOME NUMBER OF OPOSSUM EMBRYOS 

A study of the spermatogenesis has shown that in the male 

opossum there is a pair of chromosomes which segregate out in 

the first maturation division and are distributed to the sper- 

matids in a way comparable to the typical X-Y chromosomes of the 
insects. From a study of the male alone it could not be defi- 

nitely stated, for the opossum, which was the X-element, or female- 

producing component, and which the Y-element, or male-pro- 

ducing component. In order to clear up this point and to further 

verify the spermatogonial chromosome counts, a study of the 
chromosome complex of opossum embryos was undertaken. 

Five very young embryos of unknown sex were used together 

with three female embryos, whose sex was previously determined 

by Doctor Hartman. In all cases cold Flemming solution, with 

urea, was used as the fixative. The dividing cells principally of 

the nerve cord were used for making counts. 

At first the five embryos of unknown sex were studied. 
Embryo no. 4 showed the condition illustrated in text figure 5, 

A and B. There are 22 chromosomes in the spindles, two of 

these are smaller than the rest and are similar to the small ele- 
ments found in the spermatogonia. Embryo no. 4 clearly pos- 

sesses the chromosome complex of a male opossum. 
Embryo no. 5 (text fig. 5, C and D) showed, like no. 4, 22 

chromosomes, including the small X-Y elements. Again, we are 

dealing with an embryo clearly possessing the male chromosome 
complex. 

Embryo no. 6 (text fig. 6, K and L) showed consistently 22 

chromosomes. The small round chromosome was absent, how- 

ever, and in its place there is a small elongated element similar 

to the other sex-chromosome. This condition of the chromo- 
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Text fig. 6 Equatorial plate views of dividing somatic cells of four female 

embryos. 
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somes was found in all cells of this embryo. The absence of 

the small rounded chromosome and the presence of a second 

elongated rod was interpreted as meaning that embryo no. 6 was 

a female with the 2-X condition. This showed, then, that the 

small elongated rod was the X-component, and on this basis 

the rounded chromosome of the male was the Y-component. 
Embryos nos. 7 and 8 (text fig. 5, E, F and G, H) both turned 

out to be males. 

Thus it will be seen that among the first five embryos studied 
four were found to possess the chromosome complex of the male 

while only one showed the female condition. Although the study 
of the chromosome complex was consistent in that it showed 

all males to have the X-Y condition and the one female always to 
have the 2-X condition, a further check was deemed desirable, 

especially as the material was at hand. 
Doctor Hartman has found that he can identify the sex of 

the pouch young of the opossum soon after birth, by the presence 
of the scrotal swellings in the male and the absence of the pouch 

rudiments and, conversely, in the female the rudiments of the 

pouch are plainly visible and the rudiments of the scrotal sacs 
are absent. Doctor Hartman selected for me three embryos 

which he identified as being of female sex. ‘They were preserved 

in cold Flemming and sectioned. 

Text figure 6, M to R, shows the chromosome complex of these 

three individuals. The figures show that in every case the 2-X 
condition of the sex-chromosomes is found just as in embryo no. 6 
(text fig. 6, K and L) and also that there are 22 chromosomes in 

all the cells. (Text fig. 6, M and N from embryo no. 10; O and 

P from embryo no. 11, and R from embryo no. 9.) 
In none of the eight embryos did I find any evidence for a 

fragmentation of the chromosome elements, as Hance did in a 

similar study of pig embryos. Among the hundreds of cell 

plates examined, I invariably found 22 chromosomes. In em- 

bryos nos, 4, 5, 7, and 8 the X-Y chromosome condition was 

observed, and in embryos nos 6, 9, 10, and 11 the 2-X condition 
prevailed. 
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DISCUSSION 

1. Sex-determination in the opossum 

In the foregoing pages evidence has been presented which 

seems to demonstrate conclusively that sex-determination in the 

opossum is of the X-Y type for the male, and not the X-O type, 
as reported by Jordan. The facts adduced to prove this con- 
clusion are briefly as follows: In the spermatogonia there are 22 

chromosomes (figs. 1 to 6). These can all be paired up except 

the two smallest which have no synaptic mates; these are the 

X-Y chromosomes. The X-component is a small, somewhat 

elongated rod, the Y-element is a single rounded chromosome. 
In the growth period of the first spermatocytes we find a nucleo- 

lus which is probably the X-Y components lying side by side 

(text fig. 2, D). In the first spermatocyte spindles there are 11 

chromosomes, showing that all 22 spermatogonial chromosomes 

have mated (figs. 7 to 11). Of these eleven chromosomes, ten 

are conspicuous tetrads, while the eleventh is made up of three 

parts arranged linearly. The figures, however, show that the 

tripartite chromosome is really the X and Y elements joined end 

to end. When division occurs the three elements are separated 

so that the two egg-shaped parts (the X-components) go to one 

pole, while the single rod-like Y goes to the other. In the second- 

ary spermatocytes we find in part of the cells the X-element 
alone, and in other cells the Y-chromosome occurs by itself. In 

both cases the sex-chromosome divides equationally, so that all 

spermatids receive 11 chromosomes. Half of the spermatids 

receive 10 autosomes plus the X-chromosome, and half receive 
10 autosomes plus the Y-chromosome. As an additional bit of 

evidence substantiating the facts outlined above, are the dividing 

cells of opossum embryos, in which we either have the X-Y con- 
ditions (males) or the 2-X condition (females). Sex determina- 

tion for the opossum follows the scheme given below: 

Sperm contain: Eggs contain: 

10 autosomes + X, plus 10 autosomes + X, 

10 autosomes + Y, plus 10 autosomes + X, 

20 autosomes + 2X (female) 

20 autosomes + XY (male) 
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The question now arises, what is the explanation for the 

bipartite body which Jordan figures, as going undivided to one 

pole of the first maturation spindle, and which he interpreted as 

being the X-chromosome? ‘The probable answer is, that what 

Text fig. 7 Side views of the first maturation spindle, showing displaced 

tetrads which would appear as true sex-chromosomes in poorly fixed material. 

The X-Y chromosomes are visible in two of the spindles. 

Jordan saw was either a displaced tetrad or half of a tetrad, the 
other half remaining in the equatorial plane of the spindle. Such 
conditions are not rare in my material. In text figure 7, several 

cells are figured, in which a tetrad has been displaced and appears 
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to be passing undivided to one pole. That these bodies are false 

accessory chromosomes is proved by the fact, first, that the X-Y 
elements (the true sex-chromosomes) can be clearly seen in most 

cells, and, secondly, that these false accessory chromosomes 
usually have the typical shapes of tetrads which reveal their 

true nature. If the preservation of the material were not so 

good, these tetrads would appear as more or less bipartite, and 
would doubtless be interpreted as a true accessory chromosome 

if the X-Y elements were not in prominence. 

The cause of this occasional displacement of tetrads, which 

one observes here and there in the spindles, is probably due to 

the technique employed (either the sectioning razor or to diffu- 
sion currents set up during fixation and subsequent treatment of 

material) and doubtless does not occur in the living cell. 

2. Sex-determination in mammals 

The opossum has long been cited as a mammal in which we 

have the typical X-O type of sex-chromosome for the male. And 
since the appearance of Jordan’s work in 1911 many investigators, 

reporting on the spermatogenesis of other mammals, have de- 

scribed a body similar in appearance and behavior to the ‘acces- 

sory chromosome’ found by Jordan, and have interpreted it, 

as Jordan did, as the true sex-chromosome. It may be added 
that in most cases no attempt was made to work out the complete 

history of the chromosomes in the way Jordan had done. And 

yet as the present work seems to prove clearly the true sex- 

chromosomes of the opossum are of the X-Y type, and that 
what Jordan saw was probably a displaced tetrad, or possibly 

half a tetrad which had passed early to one pole, the other half 

remaining in the equatorial plane of the spindle. Both of these 
conditions have been found by the author in his opossum 
material. In view of these facts, it seems that we may, with all 

fairness, raise the question, whether or not in some of the other 

mammals the same error of interpretation has not been made; 
in brief, whether or not the true sex-chromosome has been found 

for many forms. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 1 
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Table 1 gives in a condensed form the results of all workers on 
mammalian spermatogenesis in which the sex-chromosome has 

(This list is complete to date as far been figured and described. 

as known to the author.) 

A glance at the table will show that both the origin and the 
form of the sex-chromosome are variable. It is interesting to 
note that in the guinea-pig, the rabbit, and, one author claims, 

for man, the X-Y condition has been described, while in all the 

TABLE 1 

DIPLOID TYPE OF 

FORM oe ee a Ua oun AUTHOR 

Homo sapiens..... 22 X-O | Ist div. reduc. | Guyer, 710 

Homo sapiens...........| 23-24 | X-O | 1st div. reduc. | Montgomery, 712 

Homo sapiens...........| 47 X-O | Ist div. reduc. | Winiwarter, ’12 

Homo sapiens,......... 24 X-Y | 2nd div. reduc. | Wieman, 717 
PGI x8 Ae Paice Wee 21 X-O | Ist div. reduc. | Malone, 718 

Cat, domestic... o.-. ....|e 35 X-O | Ist div. reduc. | Winiwarter and 

Sainmont 

Armadillotseoee betaine cole X-O | Ist div. reduc. | Newman and Pat- 
terson, 710 

WpossuMi. Noo. eke. ss Kf X-O | Ist div. reduc. | Jordan, ’11 

Guines=pigs..38 Shee.) “56? X-Y | Ist div. reduc. | Stevens, ’11 

Blab Pie ccaskis cise Sess <3 22 X-Y | Ist div. reduc. | Bachhuber,.’16 

Wihitemat.... ) erence 37 X-O | Ist div. reduc. | Allen, 718 

House mouse:=.2........| 39 X-O | 2nd div. reduc. | Yocum, 717 

Horses... fi) eee ae X-O | Ist div. reduc. | Wodsedalek, ’14 

Li) Na ey BEE ee | © a 18 X-O | Ist div. reduc. | Wodsedalek, ’13 

LO AL ee ee eae a 37 X-O | ist div. reduc. | Wodsedalek, ’20 

rest of the cases we have the X-O type of sex-chromosome. It 

should be added, however, that a great many investigators have 
failed to find evidence for sex-chromosomes in many of these 
mammals for which it is reported.® 

Unquestionably, the evidence for the existence of the X-O type 
of sex-chromosome is very complete in some cases, such as in 

the rat (Allen) or cattle (Wodsedalek), but in many other cases 

8 Mention is made only of the papers in which an accessory chromosome has 

been described and figured. A complete review of the literature will be found 
in Ethel Browne Harvey’s paper in the Journal of Morphology, vol. 34, 1920. 
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the evidence is not convincing, and in view of the results obtained 

for the opossum it is to be desired that the other mammals where 
the old technique was used should be reworked with the newer 
methods of Allen and of Hance. Only when this is done shall 

we be able to accept as settled the question of the sex-chromosome 

complex of any given mammal. 

3. Double reduction 

Is ‘double reduction’ of the second spermatocyte chromosomes 
a process which normally occurs in spermatogenesis, or may we 
take the term as being synonymous with poor preservation and 

technique? As far as the opossum goes, and the author suspects 

this will hold for all vertebrates, it is perfectly certain that a 

fusion of the chromosome elements is only obtained when poor 

preservation is in evidence. In case the material is badly fixed 

one may get not only double, but complete reduction into one 

chromatin mass! 

The following facts are illuminating. In the case of the 

opossum, it has been found that it was useless to attempt to 
study any second spermatocyte spindles which did not lie near 

the periphery of the testicular tubule. If one will observe this 
precaution, absolutely no evidence for any fusion of the chro- 

mosomes will be found. On the other hand, if the second sper- 
matocyte spindles lie deep within the tubule, the chromosomes 

are all more or less fused, or tangled up so that accurate study 

of the elements is impossible. It seems clear that the explana- 

tion for this is a matter of the quickness with which the cells are 

killed. If they lie on the periphery of the tubule, then they are 
quickly killed, and their true form retained. But if they lie 

deeper, so that penetration goes on slowly, then a great deal of 

distortion and fusion will take place before fixation is complete. 
It is believed, therefore, that, as a normal process, there is no 

such phenomenon as ‘double reduction,’ and that when any 
investigator obtains such a fusion of chromosome elements, he 

had better take steps to insure more rapid and complete pene- 

tration of his fixing fluid. 
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4. The chromosome number for the male and the female opossum 

It has been shown in the foregoing pages that the diploid or 

somatic number of chromosomes for both the male and the female 

opossum is 22, and not 17, as stated by Jordan, or 24, as concluded 
by Hartman. How are the results of this paper to be reconciled 

with the chromosome counts of Jordan and of Hartman? The 
following suggestions are offered. 

In the case of the males, a careful comparison of Jordan’s 
figures with my own preparations indicates that Jordan had con- 

siderable fusion of the chromosomes in his slides. The Y-chro- 

mosome seems entirely lacking from all his figures, and the 

X-component is present in only one or two cells. The main 

error in counting, however, was in the chromosome ring. The 

fact has already been pointed out in the early part of this paper 

that in spermatogonia one frequently finds cells in which two, 

sometimes four, chromosomes lie close together, or even partially 

overlap. Unquestionably, with fixing fluids less adapted to 

vertebrate chromosomes than the newer methods, these chro- 

mosomes would fuse or lie so close together that the most com- 

petent investigator could not distinguish their separate outlines. 

Here, it is believed, is the explanation for Jordan’s failure to find 

more than 17 chromosomes in the spermatogonia. 

In this connection it is illuminating to consider Hance’s (’17) 

work upon the pig. Wodsedalek (’13) had reported 18 as the 

spermatogonial number of chromosomes for the pig, while Hance, 

using cold Flemming solution with urea, found 40 chromosomes 

in both somatic and germinal cells. Hance made careful com- 

putations of the mass of chromatin in Wodsedalek’s figures, and 

then, after making similar computations for his own preparation, 

he compared the results. He found that, in Wodsedalek’s figures 

with 18 chromosomes, there was approximately the same mass 

of chromatin as in his cells showing 40 chromosomes. While the 

author has made no attempt to compare his results in this way 

with those of Jordan, there is little doubt but that the same mass 
of chromatin would be found in both cases. 
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The fusion which masked the true spermatogonial chromosome 

number in Jordan’s preparations is doubtless responsible for his 

failure to find 11 chromosomes in the first spermatocytes. I 

found it very difficult to make counts in equatorial plate views 

of the first spermatocyte spindles until after I had practically 

learned to recognize each chromosome by its size and shape. To 

make convincing drawings of such views is very difficult. In side 

views of the spindles, however, under favorable conditions (early 

phases of the spindle in cells fully differentiated), it was a simple 

matter to make accurate counts. In his second spermatocyte 

cells, Jordan reported ‘double reduction’ which does not occur 

at all in the best of my material. 

Altogether, it seems clear that Jordan failed to find 22 chromo- 

somes in the male opossum, because there had been a fusion of 

some of the chromosome elements in his material. This fusion 

has been universally met with by all investigators on vertebrate 
germ cells up to, perhaps, the last five years, and it seems very 

probable that the chromosome numbers for nearly all vertebrates, 

as they have been reported before this period, are to be accepted 

with some reservation. The truth is, the old methods of pres- 

ervation were simply inadequate to handle the vertebrate 

chromosomes, and it would be grossly unfair to the pioneer 

workers in this field to regard their work as carelessly or inac- 

urately done. 

The reason Hartman found 12 to be the haploid number of 
chromosomes is due, as it turns out, to a precocious splitting of 

one of the tetrads in the second polar spindle of the egg. Figures 

13 and 18 of the present paper will show that the X-chromosome 

splits so early in second spermatocytic division that, if one did 

not know the origin and fate of the halves, he would interpret 

them as being two separate chromosomes. And yet, as figures 

14, 16, and 19 show, each pole of the cell receives one of these 

dumb-bell-shaped halves. Before I had an opportunity of 

examining Doctor Hartman’s preparations, I had concluded that 
probably this is what happened in the eggs where he found 12 

chromosomes. In other words, that in such cases Hartman’s 
preparations would show 10 tetrads plus two diads. 
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Later Doctor Hartman was able to find for me one of his 

clearest cases of twelve chromosomes in the second polar spindle, 

and placed the slide at my disposal for study. In text figure 

8, A I have drawn the chromosomes of the egg illustrated by 
Hartman in plate 14, figures 3 and 4, of his paper. There can be 

absolutely no question of the accuracy of Hartman’s count, as 
there are 12 chromosomes present in this egg. However, on 

closer examination, it will be seen that 10 of these chromosomes 

are tetrads, while two of them are bivalent or are diads. (This 

condition was indicated in Hartman’s figures but the magnifica- 
tion of the cell was not sufficient to make the fact clear.) Judging 
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Text fig. 8 Showing the chromosomes in the second polar body spindle of 

two eggs. A. Twelve chromosomes are present in this spindle, of these ten are 

tetrads and two are diads. This spindle was figured by Hartman (’19) in figure 3 

and 4, of plate 14, of his paper. B. Eleven tetrads are present in this spindle. 
(One of the tetrads is drawn to one side to show its morphology.) 

from my experience with the X-chromosome in the second sper- 

matocytic division, these two diads are halves of what should 
be the X-chromosome tetrad. 

As a further check on this conclusion, I selected from Hartman’s 

slides an egg showing 11 chromosomes. ‘This egg is illustrated 

in text figure 8, B. A glance at the figure will show that all 11 

chromosomes are tetrads, and that no diads are present. 
It is clear, therefore, that the female opossum has 11 chromo- 

somes (tetrads) in the reduced number, and it would follow from 

this that the diploid number is 22, as I have found to be the case 
in the somatic cells of female embryos. 
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SUMMARY 

There are 22 chromosomes in the spermatogonia of the opos- 

sum. The two smallest of these constitute a typical X-Y sex- 
chromosome complex, which can be followed through the growth 
period of the first spermatocyte. In the first maturation spindle 

there are 11 chromosomes—10 tetrads and the X-Y chromosome. 

The X and Y components segregate from each other in this 

division so that the secondary spermatocytes contain either 10 

autosomes plus X, or 10 autosomes plus Y. There are 11 chro- 

somes in all secondary spermatocytes, of these one is either the 

X-component or the Y-component. In either case the sex chro- 

mosome divides equationally. Half the sperm carry the X- and 
half carry the Y-chromosome. 
A study of dividing somatic cells of embryos showed that in 

both male and female embryos 22 chromosomes were present. 

In the males the X-Y condition was found, while in the females 
the 2-X condition existed. 

It is concluded that Jordan’s failure to find more than 17 chro- 

mosomes in the spermatogonia was due to faulty fixation. The 

‘accessory chromosome’ which he described was not the true 

sex-chromosome, but probably a displaced tetrad. Hartman’s 

error in count was due to the precocious splitting of the X-chro- 

mosome tetrad in the polar spindles. 
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PLATES 

EXPLANATION OF PLATES 

All of the figures represent a magnification of about 3,000 diameters as they 

are reproduced, except text figures 2, 4, and 7, which were drawn at about 3,000 

diameters and reduced by 2. The camera lucida was used for drawing together 

with a ;'s oil immersion (B. & L.) and a no. 15 ocular. 
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PLATE 1 

EXPLANATION OF FIGURES 

1 to 6 are equatorial plate views of dividing spermatogonia. Fig. 1, from 

male no. 1, figs. 3 and 5 from male no. 2, and figs. 2, 4, and 6 from male no. 3. 
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PLATE 2 

EXPLANATION OF FIGURES 

7 Side view of first maturation spindle, 11 chromosomes present. 

8 Same as above, with 11 chromosomes present. The X- and Y-components 

have separated. 

9 Same as above. Two of the tetrads have been displaced. 

10 Same as above. Two of the chromosomes which in the spindle under the 

others have been drawn out to one side in order to show their shapes. 

11 Same as above, showing 11 chromosomes. Only the X-component is 

visible. 

12 Same as above, showing with especial clearness the morphology of the 

X-Y chromosome complex. Not all chromosomes are present in this spindle. 
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PLATE 3 

EXPLANATION OF FIGURES 

13 Equatorial plate view of dividing second spermatocyte. Note the quadri- 

partite form of the X-chromosome. Eleven chromosomes present in this spindle. 

14 End view of late telophase stage, showing chromosomes at one end of 

the spindle. Eleven chromosomes are seen, including the bilobed X-chromosome. 

15 Late anaphase of second spermatocytic division showing the Y-chromo- 

some at each pole of the cell. There are 11 chromosomes clearly visible at the 

lower pole of the cell. 

16 Same as 15, except that the X-chromosome is seen. 

17 Equatorial plate view of dividing second spermatocyte, showing the 

presence of the Y-chromosome. 

18 Side view of second spermatocyte spindle, showing the precocious separa- 

tion of the halves of the X-chromosome. 

19 Late anaphase of second maturation spindle, showing the presence of the 

X-chromosome. 

20 Same as above, except that the Y-chromosome is seen dividing. The 

cells represented in figs. 19 and 20 are probably daughter cells of a single spermato- 

cyte, as explained in text. 
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Resumen por el autor, Joseph H. Bodine 

Los efectos de la luz y la decapitacién sobre la cantidad de 

CO, producida por ciertos ortopteros. 

Los datos consignados en el presente trabajo demuestran que 

cuando se barnizan de negro los ojos de los saltamontes supri- 

miendo de este modo la iluminaci6n se observan cambios definidos 

en la tensién o tono de los mtisculos y que estos estan asociados 

con cambios visibles en la cantidad de anhidrido carbonico pro- 

ducido por el organismo. Los individuos decapitados también 

producen menos anhidrido carbdénico. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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THE EFFECT OF LIGHT AND DECAPITATION ON THE 
RATE OF CO, OUTPUT OF CERTAIN ORTHOPTERA 

JOSEPH HALL BODINE 

Zoological Laboratory, University of Pennsylvania 

THREE FIGURES 

As a result of the work of various investigators, particularly of 

Moleschott,! J. Loeb,? and C. Ewald,? it has been pointed out that 

the effects of light on the respiratory exchange of organisms are 

rather variable. In some cases definite increases in the respira- 

tory exchange have been noted, while in others no direct effects 

have been detected. More recent investigations, especially those 

of Holmes,‘ Garrey,> and J. Loeb,® on the tropic responses of 

organisms to light, have definitely shown that the primary effect 

of light consists in changes in the tension or tonus of muscles. 

It is the intention of this paper to show that such changes in 

muscle tension or tonus in an insect are associated with corre- 

sponding detectable changes in the rate of carbon-dioxide output 

of the organism. 

The choice of suitable material and a method delicate enough 

to detect slight differences in CO, output are of prime importance 

in such an investigation. Grasshoppers have been chosen because 

of the ease in handling, their relatively small size, the fact that 

they show rather definite tropic responses, and, lastly, that by 
proper handling their body movements can be practically elimi- 

nated during experiments. Nymphs or adults of the following 

species of grasshoppers were used: Chortophaga australior, 

Chortophaga viridifasciata, Melanoplus differentialis, and Dichro- 

morpha viridis. All animals were kept in the laboratory and 

fed grass, lettuce, ete.—the same as those used for other experi- 

mental work. Carbon-dioxide determinations were made by 

the indicator method described by Dr. N. H. Jacobs,’ of this 
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laboratory. With this method the CO, output was ascertained 
by noting the time required by the animal to produce definite 

amounts of CO.. In blackening the eyes of the animals asphalt 

varnish was used. This varnish was found to give off no sub- 

stances which affected the indicator solution. 

It has been repeatedly pointed out, as the result of experiments 

to explain the functions of the nervous system of insects, that 

the brain is the seat of peripheral nerves, the center for inhibiting 

reflex movements, and for controlling the tonus of the muscles 

(Bethe*). More recent investigations, and especially those on 
the functions of the brain of the grasshopper (Ewing!), have 

definitely shown that the brain controls the tonus of the muscles. 
It was further shown by this author that neither the supra- 

oesophageal ganglia or brain of the grasshopper nor the sub- 

oesophageal ganglion was the center for respiratory movements. 

Each ganglion of the thoracic and abdominal ventral cord was 

found to be the center for respiratory movements and reflex 

actions of the segment and the appendages to which it belonged. 

It was also pointed out that not only the whole abdomen, but 

different segments of it continued their respiratory activity when 
severed from the body. Loeb® has shown that light acting on 

the eyes of an animal produces definite effects upon the tension 
or tonus of the muscles. Lyon!® and Garrey,® by blackening 

both eyes of insects, were also able to show a decrease in the 
neuromuscular tonus which was normally maintained reflexly by 

the action of light on the eyes. 

Both the experiments on decapitation and blackening of the 

eyes have been repeated on grasshoppers by the author, and 

results which agree with those of the above-mentioned investi- 
gators have been obtained. It was thought, however, that-some 

quantitative measure of the effect of light and of the brain on 

muscle tension or tonus could be gotten by estimations of the 

CO, output of the organism. 
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BLACKENING BOTH EYES 

When one eye or parts of one or both eyes of an animal are 

blackened, the characteristic changes in posture, etc., are pro- 

duced; but slight disturbances to the animal due to the partial 

blackening cause it to try to remove the varnish with its front 
legs. Such movements are not easily eliminated, and hence no 

satisfactory results on the CO, determinations are possible. 

However, when both eyes are completely blackened, the animal 
makes no attempt to remove the varnish, but remains motion- 

less. 

Carbon-dioxide determinations on the animal before blacken- 
ing its eyes are, with proper handling and manipulation, rather 

easily and accurately made. In the experiments herein reported 

at least two or three separate determinations, in which there were 

no detectable body movements, were made and the average rate 
of CO, output for the normal animal then obtained. No dif- 
ference in movements of the animal in the normal and eye-black- 

ened condition could be detected, so results are not, to any ap- 

preciable extent at least, modified by CO, produced as the result 
of body movements. 

Table 1, in which are listed results of some ten typical experi- 

ments, shows the time taken to produce the same amount of 
CO, by an animal when normal and with eyes blackened. In 
almost every case a marked decrease in the rate of CO, output is 

noted. Those animals, in which the decrease in rate of CO, out- 
put was not so marked with eyes blackened, when decapitated 
also showed a comparatively small decrease in rate. These slight 

decreases in rate of CO, output in certain animals can doubtless 

be attributed to the physiological condition of the particular 
organism. 

Figure 1 shows graphically the average decrease in rate of CO, 

output for fifty individuals. 

To show that this decrease in rate of CO, output was due to 

the effects of blackening the eyes, and that after removal of the 

varnish the animal assumed its normal conditions, the following 

experiment is cited. Individuals were taken, the normal rates 
of CO, output determined, and then the eyes blackened. The 
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rate of CO, output of the animals with blackened eyes dropped 

characteristically and remained so. After several hours the var- 

nish on the eyes became dried and brittle and could easily be 

scraped off with fine forceps, leaving the eyes again exposed. 

Immediately after removal of the varnish the rate of CO, output 
increased considerably, being slightly higher than the original 
normal rate. ‘This increased rate, however, lasted only a rela- 

tively short time, when the normal rate was resumed. Figure 2 

shows graphically the results of such an experiment. 

N A B 

Fig. 1 Curve showing the effect of blackening the eyes and of decapitation 

on the rate of CO, output. Based on average of fifty individuals. Ordinates 

represent the rate of CO2 output. The normal rate (which is taken as 100 per 

cent in each case) corresponds to the time to produce a definite amount of CO: 

(the same amount in any experiment). Points on abscissas indicate different 

experimental condition of animals, N, normal animals; A, animals with eyes 

blackened; B, decapitated animals. 

That the decrease in rate of CO, output was a permanent con- 
dition as long as the eyes were blackened is shown by the follow- 
ing. Several individuals of the same species and kept under as 

near the same conditions as regards food, etc., as possible were 

taken and their rates of CO, output determined. Half the indi- 
viduals were then subjected to the eye-blackening process and 

the characteristic decrease in rate of CO, output obtained. The 
remaining individuals were kept as controls. All the animals 

were starved for twenty-four hours under the same laboratory 
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conditions and CO, determinations were then made. It was 
found that the animals with blackened eyes respired at a much 

lower rate than the normal individuals. The varnish of the 

blackened-eyed animals was next removed and a marked increase 

in rate of CO, output resulted. Figure 3 shows graphically the 

results of such an experiment. 
We may summarize the results of the above experiments by 

stating that a marked decrease in rate of CO, output results from 

a cutting off of the illumination of the eyes and that this effect 

is a permanent one so long as the eyes are blackened. 

100 a s 

Yo 

75 

50 

26 

N A B 

Fig. 2 Curve showing the effect of blackening the eyes and of the removal of 
the varnish from the eyes on the rate of COz output. Based on average of six 

individuals. Points on abscissas, N, normal animals; A, animals with eyes 
blackened; B, animals from whose eyes varnish has been removed. Ordinates 

same as in figure 1. For further description see text. 

DECAPITATION 

Since it has been pointed out that the brain of insects exerts 

a marked effect on the tonus of muscles, but does not control the 

respiratory movements, it was thought that by decapitation a 
check on the previous results on blackening the eyes could be 

made. 
Decapitated animals were used three-quarters to one hour after 

the operations, so that any effects of the operation would not 
interfere with the experiments. The posture, etc., of the animal 

after decapitation were much the same as when the eyes were 
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blackened. Both animals whose'eyes had and had not been pre- 

viously blackened were used, but no differences in response were 

noted. Table 1 and figure 1 show that a decrease in the rate of 

CO, output was always associated with decapitation. The degree 

of this decrease varies slightly for different animals, and it is 

usually lower than that for individuals with blackened eyes. 
When decapitated, the amount of actual respiring tissue taken 

off with the head is rather large and can account for much of the 

decrease in rate below that for blackened-eyed individuals. The 

N A B Cc D 

Fig. 3. Curves showing the effect of blackening the eyes, shortly after the 

operation, twenty-four hours after, and the removal of the varnish after twenty- 

four hours on the rate of CO, output. Based on average of six individuals. 

Solid lines for experimentai animals. Broken lines for normal animals. Points 

on abscissas, NV’, normal animals at start; A, animals with eyes blackened—at 

once; B, animals with eyes blackened—after twenty-four hours; C, animals from 

whose eyes varnish was removed—after twenty-four hours; D, normal animals 

after twenty-four hours. Ordinates same as in figure 1. For further description 

see text. 

operation itself also doubtless exerts some effect. The combined 

effects of these two factors undoubtedly account for much of 
this decreased rate, and as a matter of fact it has been found 

that when the head is put into the respiration tube with the 

decapitated animal the decrease in the rate of CO, output is 

strikingly similar to that observed for blackened-eyed individuals. 

The above results then show that decapitation results in a 

marked decrease in rate of CO, output not greatly different in 
magnitude from that observed for blackened-eyed individuals. 
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SUMMARY 

The action of light on the eyes of an animal (like the grass- 

hopper), affecting the tonus of muscles, is associated with a 

decrease in the rate of CO, output of the organism. A similar 
decrease in rate of CO, output is also found in decapitated indi- 

viduals. 
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Resumen por el autor, Dwight E. Minnich 

La sensibilidad quimica de los tarsos de la mariposa Pyrameis 

atalanta Linn. 

En la mariposa Pyrameis atalanta Linn. cada uno de los cuatro 

tarsos ambulatorios posee quimoreceptores de contacto cuya 

estimulacién apropiada produce una respuesta en la forma de 

una extensién de la proboscis. Esta respuesta sin embargo 

varia algo con la naturaleza quimica del estfimulo y con la con- 

dicién de la nutricién del animal. Un estudio intenso de estas 

variaciones ha hecho posible establecer con certeza algunas de 

las substancias que la mariposa puede distinguir mediante sus 

tarsos. De los cuatro estimulos probados, tres de ellos, a saber, 

el agua destilada, I M de sacarosa y 2 M de NaCl son claramente 

distinguidos por la mariposa. El cuarto, M/10 de cloruro de 

quinina es claramente distinguido del agua destilada y de la 

solucién 2M NaCl y probablemente también de la IM de sacarosa. 

Puesto que los 6rganos tarsales son quimoreceptores de contacto 

que sirven para distinguir el agua y el alimento normal tal como 

la sacarosa, pueden propiamente considerarse como <Organos 

del gusto. 

Translation by José F. Nonidez 

Cornell Medical College, New York 



AUTHOR’S ABSTRACT OF THIS PAPER ISSUED 

BY THE BIBLIOGRAPHIC SERVICE, DECEMBER 27 

THE CHEMICAL SENSITIVITY OF THE TARSI OF THE 
RED ADMIRAL BUTTERFLY, PYRAMEIS 

ATALANTA LINN. 

DWIGHT E. MINNICH 

Department of Animal Biology, University of Minnesota 

THREE FIGURES 

CONTENTS 

NiaEr CUT CULOTISERL «75 SEAT ke, ene ibe Se tae eh aOR RN UA Set eRe AE. Metec ake 57 

(Ganenalemeuhod sitive cere ae ee P< SNe las Ee ead RENIN GIN 8c ba Bede ek cee 58 

Experiments with local stimulation of individual tarsi.....................4. 64 

Experiments with simultaneous stimulation of all ambulatory tarsi.......... 68 

CGeneralesumimnaany and COUGKISIONS ot. ce iat es oe eis > eels ceo iscstilse cs 80 

INTRODUCTION 

In a previous paper (Minnich, ’21) I showed that the tarsi of 

the butterfly, Pyrameis atalanta Linn., are sensitive to contact 

with certain substances in solution, and hence must possess con- 

tact chemoreceptors. In the same paper I also presented some 

preliminary data indicating what kinds of substances the animals 

were thus enabled to discriminate. It is the purpose of the pres- 

ent paper to give a further account of the qualitative range of 

sensitivity of these tarsal organs. 

In the present work I have employed the same general methods 

as before, with two exceptions. First, instead of using both 

captured specimens and those hatched in the laboratory, only 

butterflies hatched in the laboratory have been employed. The 

complete adult history of every specimen was thus a known and 

controlled one. Second, a few animals have been studied, under 

varying nutritional conditions, over a long period of time, rather 

than a number of animals, in the same nutritional condition, for 

a short period of time. Indeed, the data to be presented have 

been obtained from but eight specimens, and chiefly from four 
of these. These four butterflies, however, were kept under very 

close observation for 19, 27, 29, and 30 days, respectively. 

57 
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GENERAL METHODS 

The experiments were carried out chiefly during the month of 

July. The laboratory was a basement room of northwest expo- 
sure, but direct sunlight was kept out by white-cloth shades at 

the west windows. Ventilation was accomplished entirely from 
the interior of the buildng, so that it was possible to avoid sudden 
and pronounced fluctuations of temperature. During the entire 

period of experimentation the extremes of temperature registered 
in the laboratory were 21°C. and 25.9°C. For the great majority 

of days, however, the temperature ranged from 22° to 24°, the 

variation for the day being less than 1°. Ventilation from the 
inside of the building also insured a more uniform condition of 

humidity than outside ventilation would have allowed. Every 

precaution was thus taken to maintain as great constancy of the 

general laboratory environment as possible. 

The specimens employed were all exceptionally large and 

perfect. After hatching, they were housed in large cages (0.9m. 

x 0.4m. x 0.4m.) consisting of a light wooden framework covered 

with mosquito bar. Excepting periods of starvation, which were 
practiced from time to time during experiments, the animals 
remained in excellent condition. In one or two instances, near 

the end of an experiment, one leg of a specimen became more or 

less stiff and functionless as far as locomotion was concerned. 

Also the wings, in addition to being clipped slightly for purposes 

of indentification, became somewhat frayed and considerably 

rubbed in their outer portions, due to the effects of the holder in 
repeated trials. But as far as I was able to observe, these slight 

mutilations in nowise affected the reactions which were being 

studied. In general, the hairy proximal portions of the wings 

and the rest of the body remained in almost perfect condition— 
much more so than is the case with animals in a state of nature. 

Thus butterflies caught in the field frequently have lost por- 
tions of the labial palpi, but of the eight animals in my experi- 

ments not one suffered such a mutilation. 
Even in their most vigorous states, however, the butterflies 

flew but little. It was not that they were unable to fly, but that 

they merely did not. Neither did they creep much, usually 
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remaining at or near the place where they were released upon 

completion of a trial. This inactivity was doubtless due in a 
large measure to the effect of the spring clothes-pin holder on 

the wings in repeated trials, to continuous confinement, and to 

the constancy of the environmental conditions, viz., temperature, 

humidity, and light. 
As in my previous work, the results of the present experiments 

have been obtained entirely through a study of the conditions 

which effect an extension of the proboscis. I have described this 

response in considerable detail (Minnich, ’21, p. 178), so that it 

will be sufficient merely to mention the essential features here. 

In the unstimulated animal, the proboscis remains compactly 

coiled against the head, but upon appropriate stimulation it is 

extended and begins to probe the substrate. Not infrequently, 

however, a given stimulus fails to elicit a complete extension, 

producing only a partial extension followed by a subsequent 
recoil. Indeed, the partial extension may be so slight that the 

compact coil of the proboscis merely exhibits a jerk or two with 
no further sign of activity. Between such slight reactions and 

complete extension, all gradations may be observed. 

It is clear that all extensions of the proboscis, whatever their 

degree, represent responses. But it is equally clear that these 
responses differ in intensity. To measure such differences is 

difficult. Nevertheless, I have endeavored to approximate a 

measurement by weighting all responses in which the proboscis 

was uncoiled less than one-half at 0.5, and all in which it was 

uncoiled one-half or over at 1. In figure 1, no. 1, the proboscis 
is shown as it normally appears in the unstimulated animal. In 

the same figure, nos. 2 and 3 illustrate responses which would be 
weighted at 0.5, while nos. 4 and 5 show responses which would 

be weighted at 1. As a matter of fact, the case illustrated in no. 
4 is virtually never encountered, for the proboscis is rarely 

extended one-half or more of its length without being completely 

extended. This scheme for measuring the intensity of the pro- 

boscis response, therefore, virtually amounts to weighting small 

partial extensions at 0.5 and complete extensions at 1. I shall 

employ this scheme in all comparative statements, in order that 
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evaluations of groups of responses may be compared as well as 

the mere numbers of responses. 
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Fig. 1 Diagrams showing the proboscis in the unextended condition and in 
various stages of extension: 1, unextended; 2 and 3, partial extensions which 

would be weighted at 0. 5; 4, partial extension which would be weighted at 1; 5, 

complete extension, which would be weighted at 1. 

In the present experiments every trial was immediately pre- 

ceded by a preliminary trial held under the same conditions. 
The purpose of the preliminary trial was fourfold: 1) to overcome 
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the death feint, although this reaction is virtually negligible in 

Pyrameis; 2) to eliminate the immediate effects of mechanical 

manipulation incident to the trial; 3) to accustom the animal to 

the grip of the holder on the wings, and, 4) to make certain that 

there was no sign of proboscis extension in the absence of the 

chemical stimulus to be applied. The last-mentioned point is of 

particular importance, for extensions of the proboscis were 

occasionally observed when no external chemical stimulus was 

apparent. Responses of this sort were most frequently observed 

in individuals which, through prolonged starvation, had become 

extremely sensitive. Most of these responses were of slight 

magnitude, although some consisted of complete extensions. The 

following examples will illustrate the cases in point. 

In all trials butterflies were manipulated by means of a spring 

clothes-pin in which the wings were firmly held. The most 

simple method of placing an animal in the holder was often by 

direct use of the hands. This involved grasping the wings, and 

later the thorax and wing bases with the fingers. On grasping 

the wings with the fingers, as the specimen was pulled off the wall 

of the cage where it had been resting, there was occasionally a 

slight jerk of the proboscis coil. Again, while the butterfly was 

being held by the fingers in one position or another, further 

incomplete or, in rare instances, complete extensions of the pro- 

boscis were noted. Because of these occasional responses, direct 
contact between the hands and the body of the animal was 

avoided whenever possible. But even when the holder was 

applied directly to the wings, there were one or two instances of 

response. ‘The stimuli effecting these responses cannot be postu- 

lated with certainty. I am inclined to believe that distance and 

contact chemical stimuli from the hands were chiefly responsible 

although it is possible that in conditions of extreme sensitivity 

mechanical stimuli may also exert some influence. 

In several instances a butterfly which had remained undis- 

turbed in its cage fifteen minutes or more was found exhibiting 

either a partial or complete extension of the proboscis. The pre- 

vious trial having been completed fifteen to twenty minutes 
before, it was impossible to interpret such a.case as a persisting 
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response. Internal stimuli due to prolonged inanition, or exter- 

nal chemical stimuli of an adventitious sort, too dilute for my 
detection, may perhaps explain these responses, though a certain 

statement concerning them is not possible. 

Without multiplying examples, the above are sufficient to 

illustrate the behavior in question. One of the chief purposes 

of the preliminary trial was to detect responses of this sort and 

thus avoid an occasional misinterpretation. If there was but one 

barely visible jerk of the proboscis coil as the animal was pulled 
off the wall of the cage, and no further sign of extension during 

the preliminary trial, experimentation was continued. If, how- 

ever, there was any more significant movement of the proboscis 

during the preliminary procedure, experimentation was discon- 

tinued and not resumed for at least fifteenminutes. Usually there 
was no evidence of response in the second preliminary, but in 
ease there was, experimentation was again discontinued for a 

minimum period of fifteen minutes. 

The maximum duration of all trials, preliminary and final, 

unless otherwise stated, was one minute. Failure to observe any 

visible movement of the proboscis during this period constituted 

a ‘no response.’ If the proboscis was partially extended early 

in a trial, the trial was continued, to ascertain whether complete 

extension would result. If the proboscis was completely ex- 

tended, the trial was immediately terminated, and the animal 

returned to its cage. ‘Trials thus lasted one minute or less, 

depending upon the response. 

The chemical stimuli employed consisted of distilled water, and 

three aqueous solutions, viz., 1M saccharose, 2M NaCl, and 

M/10 quinine hydrochloride. The saccharose and quinine hydro- 

chloride were USP quality; the sodium chloride, CP quality. 

The solutes being non-volatile, the distance stimulus afforded by 
each of the solutions was identical with that afforded by distilled 

water, viz., water vapor. In other words, the four stimuli used 
could be distinguished, if distinguished at all, only through 
direct contact. 

With the exception of quinine hydrochloride, the stimuli 

selected were substances frequently encountered by Pyrameis in 
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its natural environment. The importance of water in this con- 

nection is too obvious to require comment. As for saccharose, 

it is one of the chief organic compounds present in the substances 

on which this species feeds, viz., fruit Juices, exuding sap, and 

nectar. Thus apple juice is very attractive to these animals, 

and, if available, may constitute one of their chief foods in the 
autumn. In orchards where fallen apples litter the ground, I 

have observed great numbers of the butterflies feeding, just 

prior to hibernation. According to Browne (’99, pp. 9 and 10) 

the flesh of the average ripe apple contains 4 per cent of sac- 

charose, this being, with the exception of water (84 per cent) and 

invert sugar (8 per cent), the only substance constituting more 
than 1 per cent of the total composition. Sodium chloride was 

selected as a common inorganic salt encountered by butterflies 

in surface waters. It is well known that many species of lepi- 

doptera congregate about drying pools of water, and pools which 

have been contaminated with urine or manure seem particularly 

attractive. In such situations, NaCl is present in considerable 

quantity. 

Saccharose and sodium chloride, in addition to the fact that 

they are frequently encountered by Pyrameis in its natural habi- 

tat, happen also to be substances which afford adequate stimuli 

for two of the four primary taste sensations in man, viz., sweet 

and salt. Quinine hydrochloride was chosen for experimentation, 

because it affords the adequate stimulus for a third of the human 

taste sensations, viz., bitter. With Pitter (11, p. 608) I agree 

that there is not the slightest reason to suppose that a substance 

which affects the human taste organs in a certain way will affect 

the taste organs of a lower animal in the same way. It was not 

to ascertain whether Pyrameis could distinguish bitter that 

quinine hydrochloride was chosen, but rather to discover whether 

this salt, which produces such a bitter and disagreeable sensation 

when applied to the human tongue, would produce or fail to pro- 

duce a reaction in the butterfly. 



64 DWIGHT E. MINNICH 

EXPERIMENTS WITH LOCAL STIMULATION OF INDIVIDUAL TARSI 

Three butterflies were kept for five days after hatching with- 

out access to food or water. At the close of this period, they 
were subjected to a series of trials in which various chemical 

stimuli were applied locally to individual tarsi. The stimuli 

were applied on small cotton swabs ca. 1 em. long and 1 to 2 mm. 

in diameter, the swab consisting of a bit of absorbent cotton 

wound on the end of a dissecting needle. Care was exercised to 

keep the cotton chemically clean while being handled. As a 

further precaution, swabs used to test the effect of dry cotton 

alone were heated prior to each experiment, in order to drive off 

any excess moisture. 

The butterfly to be tested was placed in a holder (fig. 2) with 

the four ambulatory feet resting on a small platform of wire 

screen. In this position, the specimen was closely observed for 

one minute, this constituting the preliminary trial. In no case 

was any sign of response observed. Immediately following the 
preliminary trial, a dry cotton swab was applied to the ven- 

tral surface of the distal end of the ambulatory tarsus which 

it was desired to test. Except for a very few partial extensions 

this also failed to elicit any response. The dry swab was then 

replaced by a swab saturated with distilled water, and to this the 

animal almost invariably responded. Upon completion of the 

trial with distilled water, the specimen was returned to its cage 

for a minimum interval of fifteen minutes, after which another 

tarsus was tested in the same manner. This procedure was con- 

tinued until each of the four ambulatory tarsi had been tested 
twice. 

On completing the trials described above, the butterfly was 

placed on absorbent cotton saturated with distilled water, where- 

upon the proboscis was immediately extended. In this situation— 

presumably drinking in water continuously—it was allowed 

to remain as long as it would. After two or three minutes, how- 

ever, the proboscis was recoiled, and the animal either crept 

away or was removed. Some minutes later, it was replaced on 

the wet cotton, and thus given a second opportunity to drink, 

but in no case was there any response. 
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After access to water, the butterfly was allowed to rest for a 

minimum interval of fifteen minutes, whereupon trials were 

resumed. ‘The specimen was again placed in the holder with its 

four feet upon the screen platform and carefully observed for one 

minute. As before, however, there was never any indication of 

response during this preliminary trial. Next, the dry cotton 

Fig. 2. Photograph showing holder employed in experiments on stimulation 

of individual tarsi. Note the appearance of the proboscis, P, in the unstimu- 

lated animal. 

swab was applied to the tarsus, but this now failed to elicit even 

a single partial extension of the proboscis. The dry swab was 

followed by a swab saturated with distilled water. Prior to the 

administration of water, this had produced a very high per cent 

of response. It now failed to produce a response in nearly every 

trial. An additional stimulus was, therefore, employed, viz., a 

swab saturated with a 1M saccharose solution. ‘To this stimulus 
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there was but one failure to respond. On completion of the 
trial with the sugar solution, the tarsus which had been tested was 

carefully rinsed by immersing in distilled water, and the butterfly 

was returned to its cage. Fifteen minutes later another tarsus 

was tested in the same manner, and so on, until each of the 

ambulatory tarsi had again been tested twice. 

The data obtained from the above experiment are presented in 

table 1. It will be noted that specimens, both before and after 

access to water, exhibited essentially the same behavior toward the 

tactile stimuli afforded by the metal of the wire screen and the 
cotton of the dry swab, viz., failed to respond. It is true that in 

the case of the starved animals there were three trials in which 
partial extensions of the proboscis were produced by contact with 

dry cotton. Possible explanations of these responses will be 

discussed later. In comparison with the other stimuli employed, 

however, the response to dry cotton was virtually zero. With 

the cotton soaked in distilled water, the situation was very dif- 

ferent. Before the animal was allowed access to water, this form 

of stimulus was 87.5 per cent efficient in producing a response, 

whereas after access to water, it was but 4.2 per cent efficient. 

Yet after this virtual disappearance of the response to water, a 

1M saccharose solution was still 91.7 per cent efficient in evoking 
a response. 

As noted above, a dry cotton swab applied to the tarsus occa- 

sionally elicited a slight response. Precisely what was the effec- 

tive stimulus afforded by the cotton? Two possibilities may be 
suggested: first, the mere contact (pressure) of the cotton; 

second, the hygroscopic water present on the cotton fibers. The 

fact that the few slight responses observed were in starved animals 

and that these responses disappeared after access to water lends 

support to the latter suggestion. A final statement, however, 

as to the effective stimulus in these responses is not possible, at 

least not from the present data. 

Returning to a consideration of table 1, the following facts are 

brought out clearly by the data there presented. First, contact 
(pressure) stimuli alone, such as those afforded by wire screen or 

dry cotton, when applied to the tarsi have little or no effect in 
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producing an extension of the proboscis. Second, the same stim- 

uli plus certain chemical stimuli will effect an extension of the 

proboscis. Pyrameis must, therefore, discriminate through its 

tarsi the presence of the chemical stimuli. Third, under certain 

conditions, distilled water is one chemical stimulus which is very 

efficient in evoking a response. Fourth, one condition which 

determines the responsiveness to water is the degree of inanition 

with respect to water. Satiety with respect to water inhibits the 

responsiveness thereto. This response may, therefore, be con- 

trolled, approaching 100 per cent or 0 per cent, according as the 

animal is or is not allowed access to water. Finally, although 

Pyrameis fails to respond to water in a condition of satiety with 

respect to the same, it, nevertheless, continues to respond vigor- 

ously to a 1M saccharose solution. The butterfly must, there- 

fore, be able through its tarsi to distinguish sharply between 

water and an aqueous solution of a non-volatile substance such 

as saccharose. 

EXPERIMENTS WITH SIMULTANEOUS STIMULATION OF ALL 
AMBULATORY TARSI 

Because of the mechanical difficulties involved in stimulating 

individual tarsi, a more satisfactory method of experimentation 

is to allow all the ambulatory tarsi to come in contact with the 

stimulus at the same time. Experiments using this method were, 

therefore, more generally employed. In these experiments the 

wings of the butterfly were held in a spring clothes-pin, which was 

manipulated by the hand. Upon removal from the cage, the 
butterfly was first subjected to a preliminary trial of thirty 

seconds, in which the feet rested on clean filter-paper. This 

trial was carried out within 3 to 5 cm. of the place where the sub- 

sequent trial with a given chemical stimulus was to be made, so 
that the environment in the two trials was practically identical. 

During the trial, the butterfly was gently lifted and let down 

again at intervals of ten seconds, in order that it might become 

thoroughly accustomed to this sort of manipulation. 
If there was no significant response during the preliminary 

trial, as was usually the case, the butterfly was lifted from the 
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filter-paper, across the few intervening centimeters, and set down 

with the feet in contact with a thin layer of cotton, contained in 

a Syracuse watch-glass and saturated with the solution to be 
tested. If the animal failed to respond promptly, various slight 

manipulations were employed to make certain that the ventral 

surface of every tarsus was afforded ample contact with the 
stimulus. Thus, if there was no response during the first few 

seconds of the trial, a slight, even pressure was given the holder, 

thereby causing the distal portions of one or more tarsi to press 

more firmly against the cotton and thus become immersed in the 

solution. If still there was no evidence of response after twenty 
to thirty seconds, the holder was turned slightly, forcing the 

butterfly to shift the position of some of its legs. And if both 

the above measures proved ineffective, toward the end of the trial 

the animal was occasionally lifted gently and let down again. 
At the close of each trial the butterfly was placed over a watch- 

glass containing distilled water, and the tarsi were thoroughly 

rinsed. This was necessary in order to prevent contamination 

of the stimulating substance in one trial by adhering material 

from previous trials. If the proboscis remained extended after 

the trial, care was exercised to prevent the animals from drinking 

at this time. After the legs had been well rinsed, the butterfly 

was placed on clean filter-paper for a moment to absorb the 

excess moisture, and was then returned to its cage. 

In the above manner, butterflies were tested with distilled 

water and solutions of 1M saccharose, 2M sodium chloride, and 

M/10 quinine hydrochloride, four trials being made daily with 

each of these substances. The order in which the four stimuli 

were employed was varied from time to time and a minimum 

rest period of fifteen minutes was allowed between consecutive 
trials. 

The responses of each butterfly were studied under three nutri- 

tional conditions: first, a condition in which the animal was 

receiving neither food nor water; second, a condition in which 

it was receiving water only, and, third, a condition in which it 

was receiving both food and water. The general plan was the 
following. Immediately upon hatching, the specimen was placed 
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in a cage where it was kept without food or water. After three 
days, trials were begun with all four substances and were con- 
tinued until the butterfly gave 100 per cent response to distilled 

water; that is, complete extension of the proboscis in each of the 

four trials of the day. In a few cases the experiment was con- 

tinued for a day or so beyond this point before making any change 
in the nutritional conditions. In general, however, this was not 

possible because of the growing weakness of the specimen and the 

danger of its death. 

’ When the experiment had reached the stage described, at the 

conclusion of the trials for the day the butterfly was placed on 
absorbent cotton saturated with distilled water and allowed to 

drink all it would. On the following morning it usually appeared 

quite revived. Before resuming trials, however, the animal was 

again given an opportunity to drink. If it failed to respond to 

the water, I several times forced an extension of the proboscis by 
touching one of the tarsi with sugar solution. Thus while the 

animal could not be compelled to drink, it could be compelled 

to bring the proboscis in contact with water. In this manner 

it was offered water in the morning, one hour before trials 
were begun, and in the evening, immediately after trials were 
concluded. ; 

The butterfly was continued on this water diet until it again 

became so weak that further trials were impossible, whereupon 

experimentation was discontinued for the remainder of the day, 

and 1M saccharose was administered. Of this solution the 

animal always imbibed freely, and it was not until the abdomen 

was greatly distended that it ceased to feed. On the following 

morning it would again appear quite restored, and trials were re- 

sumed. The saccharose diet was continued for 3 to 4 days, 

administrations being made twice daily as in the case of water. 

Following the period of saccharose diet, the butterfly was again 

kept without water or food until the response to water rose to 

100 per cent. Then followed a period of water diet, and when 

this became insufficient, the sugar solution was again adminis- 

tered. In other words, the three nutritional states described 

above were repeated. 
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In continuing periods of starvation as long as possible, the 

risk of death became very great, and of eight specimens employed, 
six died in the course of the experiment. The longevity of these 

individuals was 8,8, 9, 10,19, and27 days, respectively. Inall these 
cases death was most probably due either directly or indirectly 

to the effects of starvation. In several of the shorter-lived speci- 

mens, I might have saved them had I appreciated the gravity of 

their condition soon enough, for animals in a state of complete 

collapse may sometimes be resuscitated in a surprisingly short 

time by the administration of 1M saccharose. ‘Two specimens, 

however, survived the entire experiment, and several days after 

their last trials appeared vigorous in every way. They were 
killed for subsequent morphological study, having been under 

observation for twenty-nine and thirty days, respectively. Of 

the eight animals, [ shall present the data from the four longest- 

lived only. The data from the four shorter-lived individuals are 

less complete and show nothing not shown by the others. 

The observations on the four butterflies which survived longest 

are presented graphically in figure 3. The data for each animal 

numbered, respectively, 11, 12, 13, and 22, are presented in the 

form of four curves, each of which represents the responsiveness 

to a single substance. In these curves, the total weight of daily 

response, as defined on page 59, is plotted against age in days, 

the nutritional state for each day beingindicated. An examina- 

tion of the four curves for any one animal shows, with one excep- 

tion, viz., no. 22, that no two coincide. In other words, there 
were differences of response to the different stimuli. It should 

be borne in mind at the outset of this discussion that the fact 

that a butterfly responds identically to two substances does not 

necessarily mean that it fails to distinguish them. This may 

merely indicate a positive response to both substances. On the 

other hand, differences of response do not necessarily show dis- 

crimination, unless they are differences of pronounced nature and 

regular occurrence. Are the differences noted above such as to 

indicate discrimination of the various stimuli or not? In order 

to answer this question, let us examine and compare the responses 

with respect to: first, relation to nutritional condition; second, 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 1 



"2 DWIGHT E. MINNICH 

intensity, as indicated by the total amount of response pro- 

duced, and, third, time aspects, viz., latent period and period of 

execution. 

Let us take first the response to distilled water. This response 

was characterized by its close relationship to the nutritional 

condition of the animal. As shown above, in the experiments on 

stimulation of individual tarsi, table 1, the responsiveness to 

water could be increased or decreased by preventing or allowing 

access to water. The same results were obtained when all four 

tarsi were stimulated simultaneously. The curves of response to 

water in figure 3 show in every instance that with continued 

starvation the response finally rose to 100 per cent, while directly 

after water was administered it dropped to 0 per cent, where it 

generally remained as long as water or an aqueous solution was 

accessible. In other words, the response to water depended 

directly on the nutritional state of the animal. In this respect 

it was absolutely unique, for in no other response was any intel- 

ligible relationship to nutritional condition evident. The re- 

sponse to distilled water is thus sharply differentiated at the out- 
set from the other responses studied. Consequently, we may 

omit it from further consideration, confining our attention solely 

to a comparison of the responses to the three solutions. 

A survey of the curves of response to 1M saccharose (fig. 3) 

shows that each of the four butterflies responded to this solution 

in every trial, irrespective of nutritional condition. My notes 

show that during periods of inanition the response often became 

more persistent, lasting for some minutes after the trial had been 

completed. But even during periods when 1M saccharose was 

being fed twice a day, there was never a single failure to respond. 
Thus, a butterfly which had ceased to feed and had crept away, 

if replaced on the cotton soaked with the solution, immediately 

responded anew. And, if after ceasing to feed, the specimen 

remained on the cotton without creeping away, mere seizure of 

the wings or other slight agitation was usually sufficient to induce 

a fresh response. The response to 1M saccharose was thus 

entirely independent of the varying nutritional conditions of the 

animal. 
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Not only did the specimens always respond to 1M saccharose, 

but the extension of the proboscis was in every case a complete 

one. The total weighted response of all four animals under 

all conditions was, therefore, 100 per cent. Furthermore, the 

responses were rapidly executed. As shown in table 2, the 

average time required for this solution to produce a complete 

extension of the proboscis was between 1.7 and 3.4 seconds. The 

response to 1M saccharose was thus characterized by absolute 

constancy under all nutritional conditions, by maximum inten- 

sity, and by rapidity of execution. These facts all indicate that 
this stimulus must be a very powerful one. Indeed, it was by 

far the most effective of the stimuli tested. 

TABLE 2 

Showing the average time in seconds required by different stimuli to effect a complete 

extension of the proboscis 

M/10 QUININE 
£ é s D 1 M SACCHAROSE 2 M SODIUM CHLORIDE ISTILLED WATER HYDROCHLORIDE 

Number | Average | Number | Average | Number | Average Number | Average 
of trials time of trials time of trials time of trials time 

il 80 3.4 35 $224 19 12.5 76 25.4 

12 60 3.2 37 5.4 13 16.7 29 43.7 

13 90 La 30 4.2 16 4.5 86 10.8 

22 68 1.8 52 ee 10 4.3 68 6.1 

Unlike 1M saccharose, the responsiveness to 2M NaCl was 

characterized by extreme variability. One has only to examine 

the curves in figure 3 to become convinced of this fact. Take, 
for example, specimen 11. During the first three days of its 

life, no trials were made. On the 4th, 5th, and 6th days, the 

responses to this solution were 0. On the 7th, 8th, and 9th days, 

there was a variable number of responses for each day. On the 
10th day the number of responses again fell to 0. On the 11th 

day it rose to 100 per cent, where it remained until the 16th day. 

The 16th, 17th, and 19th days (no observations were made on 
the 18th) the responsiveness was a little less than 100 per cent. 

On the 20th day it dropped to 0, only to rise to 100 per cent the 

21st day, and again fall to 0 the following day, where it remained 

for the last two days of experimentation. The responses of this 
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specimen were thus extremely variable, and specimens 12, 13, and 

22 showed essentially similar conditions. A careful study of each 

of these cases fails to show any apparent relationship between 
the nutritional condition of the animal and its response to the 

stimulus under consideration. Doubtless this response is very 
definitely determined, but the determining conditions are not 

evident from the present data. For the present, therefore, the 

outstanding characteristic of the response to 2M NaCl is its 

variability. It may be added that .this variability is very 
great not only from one specimen to another, but also from 

time to time in the same specimen. 

The variability of response to 2M NaCl means, of course, that 

the total amount of response to this substance was much less than 

to 1M saccharose. Considering the weighted responses of all 

four specimens collectively, the sodium chloride produced but 

51.6 per cent response, as compared with 100 per cent for the 

sugar solution. On comparing the curves of the two responses, 

we find some days when specimens responded indistinguishably 

to both stimuli. But we also find days when there was a clear- 

cut difference of response. With every specimen there were 

periods, ranging from two to seven days, during which the animal 

gave 100 per cent response to 1M saccharose solution, and yet 

failed to evince even the slightest indication of response to 2M 

NaCl. The only plausible explanation of these facts is that the 

animal discriminated clearly between the stimuli. The fact that 

it responded at times to both is in nowise incompatible with this 

interpretation, while the fact that at other times it responded 
100 per cent to one and 0 per cent to the other can hardly be 

explained in any other way. Clearly, therefore, the tarsi enable 
Pyrameis to distinguish a 1M saccharose solution from a 2M 

sodium-chloride solution. 

There remains for consideration the response to quinine hydro- 

chloride. In certain specimens, for example, no. 12 and to a 

slight extent no. 11, the curve of response to this substance 

(fig. 3) also shows some variation from day to day, though much 

less than with sodium chloride. No. 22, however, responded with 

a complete extension of the proboscis in every trial, and no. 13 
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did the same excepting the last day of the experiment, when its 

responses suddenly dropped to 0. The total weighted response 

of all four specimens to the quinine solution was 84.7 per cent, as 

opposed to 100 per cent for 1M saccharose and 51.6 per cent for 

2M NaCl. The amount of response produced by quinine was, 

therefore, intermediate between the other two substances. 

A comparison of the curves for the quinine solution with those 

for sodium chloride (fig. 3) shows in every animal that there was 

a great diversity in the two responses. At times, the amount of 

response to each stimulus was the same; at other times, it was 

totally different. Here again, therefore, we must conclude that 

the two stimuli were differentiated. 

A comparison of the saccharose and quinine curves yields no 

such conclusive evidence as the case above. For, while the two 

curves exhibit a rather wide divergence in animal no. 12, they 

very closely approximate one another in the other three animals. 
In this instance, however, there were distinctive differences of 

another sort. The rapidity with which the proboscis was ex- 

tended to 1M saccharose has already been pointed out. As a 

comparison of the figures in table 2 will show, the response to 

quinine was very much slower. Thus, in animal no. 11 the 

average time required by quinine was seven to eight times that 

required by saccharose; in no. 12, thirteen to fourteen times; 

in no. 13, six to seven times, and in no. 22, three to four 

times. With 1M saccharose the extension of the proboscis 

began very shortly after the application of the stimulus and 

was rapidly completed. This was not the case with quinine. 

As a rule, the application of this stimulus was followed by a 

latent period lasting from a few seconds up to as many as 

sixty seconds, during which there was no sign of response. Then 

followed a period of reaction, beginning with slight relaxations 

of the proboscis which more or less gradually increased until ex- 

tension was complete. The period of reaction also lasted from 

a few seconds up to fifteen or twenty seconds or even longer.! 

1 The long latent period together with the long period of extension necessitated 

the prolongation of a number of trials with the quinine solution from the usual 

duration of one minute to two minutes. 
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The average response to M/10 quinine hydrochloride thus dif- 

fered strikingly from that to 1M saccharose. That this differ- 
ence, together with the slight differences of distribution noted, 

indicates a discrimination of the two stimuli, seems to me not 

only possible, but very probable. A final statement, however, 

cannot be made with certainty. 
From the evidence presented, it is quite clear that the tarsal 

organs of Pyrameis are chemoreceptors of a rather wide range of 

sensitivity. Through them the butterfly is able to differentiate 

such solutions as 1M saccharose and 2M NaCl from distilled 
water and from one another. It is also able to differentiate M/10 

quinine hydrochloride from distilled water, from 2M NaCl, and 

probably from 1M saccharose. The appropriate stimulation of 

these organs leads to an extension of the proboscis, the initial act 

in food taking. ‘The tarsal organs are thus organs of chemical 

sense, concerned in the discrimination of food substances, and 

may be properly considered as organs of taste. 

GENERAL SUMMARY AND CONCLUSIONS 

1. In Pyrameis atalanta Linn. each of the four ambulatory 

tarsi possesses contact chemoreceptors. 
2. The appropriate stimulation of these receptors produces a 

response in the form of an extension of the proboscis. 
3. The manifestation of this response varies somewhat, depend- 

ing upon the chemical nature of the stimulus and the nutritional 

condition of the animal. 
4. An intensive study of these differences of response shows 

that Pyrameis is able to distinguish the following substances 

from one another through its tarsal organs: distilled water, 1M 

saccharose, and 2M NaCl. It is also able to distinguish M/10 

quinine hydrochloride from distilled water, from 2M NaCl, and 

probably from 1M saccharose. 
5. The efficiency of distilled water in evoking the proboscis 

response is directly dependent upon the nutritional condition of 

the animal. 
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6. The responsiveness to 1M saccharose, 2M NaCl, and M/10 

quinine hydrochloride shows no apparent relationship to the 

nutritional condition of the animal. 

7. According to the scheme of measurement employed in the 

present paper, the total response of all animals together was 100 

per cent to 1M saccharose, 84.7 per cent to M/10 quinine hydro- 

chloride, and 51.6 per cent to 2M NaCl. 

8. Since the organs of the tarsi are contact chemoreceptors, and 

since they are concerned with the discrimination of substances to 

be taken as food, they may be appropriately termed organs of 

taste. 
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INTRODUCTION 

Is a temperature sense present in the frog’s skin? Canit be 

isolated from the chemical and tactile senses which have already 

been shown to be there?’ Is it separable into the elementary 

senses of heat and cold.as in the human skin? If so, what is the 

limitation and the nature of the responses to heat and cold? 
It is in common knowledge that frogs go down into the mud in 

the winter and come up in the spring and an expectation of March 

and April that they will be heard on the warm nights. Their 

thermic susceptibility has long been known, both in nature 

and in the laboratory. Brown-Séquard (’47) alluded to the 
possible effect of temperature upon his reflex frogs which lived 

longest during the months from June to September, and Kunde 

83 
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(60) recorded that reflex frogs dosed with strychnia were seized 
with spasms in a warm room, but became quiet when placed upon 
ice. A series of investigations followed these early suggestions, 

actual experiments on the direct and indirect effects of tem- 

perature upon the central nervous system (Tarchanow, 771; 

Archangelsky, ’73; Freusberg, ’75; Wundt, ’76), the sensory nerve 

endings (Heinzmann, ’72; Foster, ’73; Rosenthal, ’75; Sedgwick, 

’82), and the general behavior of the frog under stimulation by 
heat and cold. Recent workers upon its responses to light, 

electricity, sound, chemicals, and temperature have either shown 

something of its thermic sensitiveness (Kordnyi, ’92; Parker, 

03; Torelle, ’03; Yerkes, ’06; Pearse, ’10) or have suggested the 

presence of a temperature sense in the skin. But its exclusive 

presence there, its existence as a separate sense, and the nature 

of its responses have not been adequately shown. It was with 

the hope of doing this and of answering the questions already 

suggested that the present study was undertaken. 

The problem was suggested to me by Prof. G. H. Parker, and 
it gives me pleasure to express my appreciation of his friendly 

criticism and constant help. 

HISTORICAL 

Temperature studies upon the frog have covered a wide range 

of attack. Information regarding the effect of temperature upon 

the skin has come into the literature indirectly, usually in connec- 

tion with special studies of a system of organs or the behavior 

of the whole organism. In the hope of showing these different 

aspects with greater clearness, I have discussed them by topics 

rather than in historical sequence. 

Frogs respond to variations in temperature by visible motor reac- 

tions. ‘This was established experimentally by Kunde (’60), 

Cayrade (’64), Goltz (69), Tarchanow (’71, ’72), Archangelsky 

(73), Rosenthal (’75), Freusberg (75), and Wundt (’76). The 

means of stimulation were partial or complete immersion in warm 
or cold water, dipping in warm or cool dilute acid, and ice packs 

and hot sand baths. From treatment of these kinds one group 

of workers (Kunde, ’60; Richardson, 67; Weir-Mitchell, ’67; 
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Rosenthal, ’75) maintained that cold caused a depression in 

reflex excitability, except in the case of ice packs, which in- 

creased it (Richardson, ’67; Weir-Mitchell, 67; Wundt, ’67), 

and another group were of the opinion that heat properly ap- 

plied also caused excess excitability (Cayrade, ’64; Goltz, ’69; 

Tarchanow, 771, ’72; Freusberg, ’75). 
When cold or heat are applied very gradually to a frog the reactions 

decrease in extent and tigor. ‘There has been a good deal of dis- 

agreement in the literature, regarding reactions to gradually 

applied stimuli. The question was opened by Goltz (’69), who 

immersed normal and reflex frogs in water of gradually increasing 

temperatures. When slowly stimulated up to 30°C., the normal 

frog became violent, but the reflex frog remained inert. Goltz’s 

main purpose had been to show the difference between the two 

conditions in the animal, and he immediately declared the lassi- 

tude of the reflex frog due to its brainless state. By the same 

method, Tarchanow (’71, ’72) secured similar results on normal 

frogs. The next year Heinzmann (’72) continued similar ex- 

periments from the point of view that the sensory nerves might 

be affected by a stimulus increasing in intensity so slowly that 

destruction of the nerve would result before a reaction could 
occur. Normal and reflex frogs were heated with the expected 

results to both of them, and these were explained as due to the 

very gradual succession of the stimuli. In 1875 Fratscher re- 

peated these experiments with identical results. The quiet 

normal frogs of Heinzmann and Fratsecher were thus pitted 

against the violent normal frogs of Goltz and Tarchanow, but 

the main conclusion seems to have been that no reaction would 

result if stimulation were applied with sufficient gradualness. 

Foster (’73) had previously questioned Goltz’s -tatement that 

brainless frogs would give no reaction to stimuli to which normal 

frogs reacted so vigorously. He immersed reflex frogs ‘locally 

and totally’ and obtained very different results in the two cases. 

When large areas of the body were immersed there was no re- 

sponse, but when only the toes were dipped, no matter how 

gradually the heat was increased, they were always withdrawn 

at about 35°C. This peculiar result was explained by Foster 
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on the ground that immersion of the larger areas heated the blood, 

which in turn warmed the spinal cord and reduced its irritability. 

With the stimulation of the small area no such general warming 

could take place, and hence the normal irritability of the cord 
was retained and the vigorous response followed. 

Certain puzzling phases immediately presented themselves, 
and Sedgwick (’82) repeated the experiments upon which this 
explanation was based. He suspended the reflex frogs in the 

manner described by Foster and at once discovered that in this 

upright position the heart was practically empty and could not 
possibly circulate the blood as stated by Foster. 

From this tangle of statements the best evidence seems to 

show that the reflex frog will respond to heat at certain degrees, 

no matter how gradually it is applied, but that the extent and 

vigor of these responses may be reduced by the graded application 

of the stimulus. 

Effect of heating and cooling the spinal cord. With the object 

of stimulating the spinal cord, Archangelsky (’73) suspended 

reflex frogs with their trunks surrounded by a jacket of hot air 

which produced a rise of excitability, and by a jacket of slowly 

heated air which produced no change. Tarchanow (’71, ’72) 

stimulated the cord directly with an ice pack, thereby causing a 

depression of reflexes. 

Frogs can withstand a temperature as low as 6°C. The body 
temperature of frogs was recorded by Milne-Edwards (’68) and 

by Rogers and Lewis in 1916. Knauthe (91) and Miiller- 

Erzback (’91) froze frogs in water and exposed them to tempera- 

tures of —4°C. to —6°C. for several hours. Maurel et Lagriffe 

(00) studied the effect of temperatures from —4°C. to 41°C. 
and maintained that a frog may survive a temperature of 0°C. or 

even —3°C. 

Respiration is quickened under stimulation by heat. When 

Babak (’13) warmed the skin of a reflex frog, the speed of respira- 

tory movements was quickened, and when he cooled it, corre- 

spondingly the speed was decreased. 

Frogs which are immersed in cold water will swim downward and 

will remain at the bottom a greater percentage of the time as the cold 
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is increased. Frogs which Torelle (’03) placed in water of 10°C. 

immediately swam down and remained below, usually with legs 

stifly outstretched. In 1918 Brooks corroborated this by a 
series of detailed observations on frogs which were placed in 

water of decreasing temperature. As the water was cooled the 

frogs remained for a shorter and shorter time at the surface till 

at 5°C. they settled to the bottom and remained there. 

The skin is sensitive to variations in the temperature of air, of 

water, and of acid solutions. Comparing the sensibility of the 

skin and afferent nerves by treatment with warm and cool acid 

solutions, Tarchanow (’72) was the first to point out that the 

thermal end-organs must be in the skin and that the quicker 
response to the warmer acid solutions was due to an increased 
irritability in the nerve endings, agreeing in this with Archangel- 

sky (’73) who had used the same stimulus. This sensitiveness 
of the skin has been mentioned or investigated by recent workers 
in connection with studies of other sense organs, and Kordnyi 

(93) and Pearse (710) found the frog’s integument responsive 

to both light and heat. Pearse secured responses from frogs 

whose feet were dipped in water at 40°C. and 45°C. and Reese 

(06) obtained similar results from Cryptobranchus, while Parker 

(03) and Yerkes (’06) both alluded to the susceptibility of the 

skin to changes of temperature. 

Warmth produces a positive and cold a negative response to light. 

When frogs were placed in warm air or water they moved toward 

the light, but in the same media at 8°C. they moved away from 

the light (Torelle, ’03). L. J. Cole (’07) secured similar results 

when he placed a frog in a dark box between a large and a small 

illuminated area at the opposite ends. When the frog was cooled 

to 6°C. and 10°C. it would move toward the smaller area, but 

when warmed it would immediately move toward the larger one. 

In order to compare the relative effects of light and heat, Pearse 

(10) arranged a series of tubes, with a measured heat radiation 

upon the sides of a totally dark box. Another box contained a 

light whose heat output was one-half that of the pipes. LEyeless 

toads placed in these boxes proved to be almost totally indifferent 
to the heat, but were strongly phototropic, showing that light 
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and heat were unlike in effect and that the photoreceptors were 

much more easily excited than the receptors for heat. A slight 

difference in light, on the other hand, made no impression on 

frogs with which Torelle (03) worked. They swam up and down 

in the jars regardless of adjustments of light and dark. 

Frogs are stereotropic in temperatures between 10°C. and 4°C. 

When Torelle placed frogs in water cooled to 10°C. or below, they 

flattened their bodies against the bottom or crept under rocks 
placed on the floor of the aquarium. 

Effect of temperature on responses to electricity. An electric 

current which produced tetanic movements on a warm frog 

showed retardation when the frog was cooled (Kunde, ’60). 

METHODS 

The experiments which follow were performed upon green 

frogs (Rana clamitans) and leopard frogs (Rana pipiens) in a 

laboratory the temperature of which varied between 18°C. and 

23°C. The work was done between October and January upon 
animals which were kept in a basement tank and brought into 

the laboratory at least two days before they were used for 
experimentation. 

For all except one experiment, the front part of the head was 

removed by a single transverse cut made just in front of the 

eardrums. Through the lower jaw thus left intact a loop of 

silk was drawn, and by this the frog was suspended, thus avoiding 

the irritation caused by the repeated use of a metal hook. 

Frogs were hung from an extension bar, attached to a standard; 

the bar could be easily raised and lowered. They were com- 

pletely immersed in a bath of water at the beginning of each 

experiment, and at certain intervals during treatment in order 

to keep the temperature normal, the skin moist, and free from 

particles of dust. At the beginning of an experiment the tem- 

perature of the room, bath water and frog were taken, the latter 

being secured by putting a thermometer through the mouth 

and down into the stomach. Records of these temperatures 

have been given with each experiment recorded in this paper. 
The experimental frogs were easily kept in good condition and 

usually lived from four to five weeks. 
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The surface of the foot was the only area treated. Sometimes 

one foot was stimulated and the other kept as a check, but in 

most cases there was an alternate stimulation of the normal feet, 

or of the normal and the treated foot. Baths of water and ap- 

plications of stimuli were given at definite intervals which were 

kept uniform through each experiment. Preliminary experi- 

ments were made with each different kind of stimulation in 

order to find out what reaction might be expected. 

At each test a definite allowance of time was given, and if the 

reaction did not occur within that period the stimulus was 

regarded as producing no reaction and recorded as ~. In the 

tables the period just described is termed the reaction allowance. 
The interval which actually elapsed between the application 

of the stimulus and the reaction was taken in seconds with a stop- 

watch and recorded with the description of the response. No 

periods less than half a second were recorded. Intervals which 

separated stimulations sufficiently to prevent exhaustion were 

also selected by experiment. These have been designated the 

stimulation intervals. 

During the experiments the normal feet were kept in ‘bath 

water’ unless actually undergoing stimulation. In experiments 

made under cocaine treatment the foot was always returned to 

the cocaine solution after it had been immersed in the stimulant. 

In the preliminary part of this work a good deal of trouble was 

experienced by the washing out of the cocaine, so this procedure 

was found necessary. A solution of 1 per cent cocaine was the 

only anaesthetic used. 

OBSERVATIONS 

Responses to heat 

The first experiments of this series were made in order to deter- 

mine whether the frog’s foot would regularly react to heat, and 

if so to what degree of heat. A typical heat response was also 

looked for, a position or movement which should recur in many 

different individuals. Both feet of the experimental frog were 

kept in normal condition. In the first experiments considered 
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(table 1) only the right foot was stimulated and the left served 

as a check. The. right foot was first immersed in water at 30°C. 

and at intervals of two minutes after that in baths increasing 

each time by 1°C. from 30°C. to 50°C.: no responses occurred 
below 39°C., and in some instances none below 43°C. As the 

heat was increased the vigor of the response was also increased 

TABLE 1 

Reaction intervals in seconds of frogs’ right feet subjected to temperatures ranging 
at one degree intervals from 30° to 50°C. No reactions (indicated by ©) were 

obtained at temperatures of 388° or lower, hence this part of the table is condensed. 

Feet normal. Reaction allowance, 30 seconds. Stimulation interval, 2 minutes 

Number of individual................ 2 4 6 7 13 8 9 10 ll 11 3 

Number of experiment .............. eat Sa Ta nae fre leaae He are 2 gas ee 

Temperature of room................ Po “19° ro “942 Po Pu 25° “99° “one “242 | 19°) 

Temperature of bath water.......... eo a7 18° “ae “18° | 20°, “20° “19° 18° “ore oe 

Temperature Of 1TOL.:...cces geese 22° “48° “19° “922° “19° “20°” 93° 20°, “19° “one “18° 
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AD! O95 Seen eeepras OS eg 9°| 14] @ | 22) © | 20) 91) 22 1 8) Gay 

Ba aera Raha eee ues 9} 11] ©} mo | ~ | 14] |} 15}] 10} 4] 13 
AD ee Bs Was Ss aialcha Sune are 6} 10%) Ta) 15 eS SAS: |e) eee 

WAN 25G ae. ae Shei Se 4). Gp Diled2 Se SDE AL Gr seer 
FONG Soi ete a/cicts cis oleae B} 2 On 9 Teer o.|) | Ser 

1D Be nah Ne Sea ele 2) 34 4) °8°| Suirolakan| sor Ay aan 
AEM sheets Sse sel es 2 EW BC Sh SMP Oot, OE ie: sea tate 

ASH. oJ desis ea dealels Wale 2h [2 ole Bab eee al od * Sah pees Mies 

CAS, Orc onan, Benen iors 24 2) 2) 425) Als) ode onl. act aces 

HOO ceramic Oe hur Cee ere ante 2 A DL 2a a Se ae al ee 

and the reaction interval became shorter and shorter. The heat 

response was a vigorous upward jerk of the foot, so uniform that 

usually no attempt to describe it has been made except by the 

word ‘jerk’ and the statement of the length of the reaction in- 

terval, i.e., the time between the application of the stimulus and 

the reaction itself. 

The next step was to discover whether there would be different 

results if the heat was applied with differences of temperature 
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ereater than 1°. It will be remembered that some of the early 

workers (Goltz, 69; Tarchanow, ’71, ’72) maintained that if heat 

were increased slowly enough a frog might be subjected to an 

extreme degree without making responding resistance. No such 

results were secured in this investigation even when the heat was 

increased very slowly. A frog’s foot was placed in a beaker of 

water at 2°C., and a stream of warm water allowed to flow into 

this which brought it up to 45°C. with almost imperceptible 
slowness. Although care was taken to prevent the foot from 

TABLE 2 

Responses in seconds to heat increasing by 5°C. at each stage of stimulation. Feet 
normal. Reaction allowance, 30 seconds. Stimulation interval, 2 minutes for 

nos. 8, 9, 10, and 5 minutes for no. 11. © = no reaction 

Number of individual.......... 8 8 8 8 10 10 9 9 11 11 11 11 

ioe aan Iga aauedle a | Sh lap ee bos eel each Baud 

Foot stimulated................ ba ae RD vi: oR ae seeeliiay pes Pie aa ia 

Temperature of room.......... 24° ro ro ro “20°” “20° “25° 252 “29- 99° | 25° “25° 

Temperature of bath water.... “20° “20° 21° “2 “48° | 18° “20° “20°, “99° “99° 20°, “20°, 

Temperature of frog........... 93° | 93° “99° 9c° | 18° | 18° “93° | 93° | 99° | 99° | 23° oo 
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being affected by this stream, the feet were invariably lifted 

before the heat had reached 45°C. 
Variations in the stimulation time and in the heat increments 

were also tried (table 2). Heat was increased by 5°C. at each 
stimulation and the right and left feet of the frog were dipped at 

one-, two-, and five-minute intervals. Of nine frogs used only 

four reacted at a degree lower than that to which the frogs 

responded which were subjected to 1°C. increases. The results 

showed the tendency toward the later reaction with gradually 
applied stimuli, but also suggested that individual idiosyncrasies 
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were a factor and that certain frogs were especially sensitive to 

heat. This opinion was further justified by a series of tests 

repeated over and over on particular individuals. The right 

foot of each of these frogs was stimulated by hot water whose 

temperature ranged from 25°C. to 50°C. and at intervals of 5°, 
the experiment being repeated seven times consecutively (table 3). 

This was done to find out whether each frog would preserve 

its individual eccentricities toward heat in successive tests and 

TABLE 3 

Responses in seconds of two frogs to hot water whose temperature was increased by 

5°C.. at each stimulation. Each series repeated consecutively seven times. Feet 

normal. Reaction allowance, 30 seconds. Stimulation time, 2 minutes. © = 

no reaction 

Number of individual........... 11 11 14 

Number of experiment........... 1 2 1 

Hoot stimulated sn)... eit sersiers R R R 

Temperature of room............ 22° 22° 20° 

Temperature of bath water...... 20° 20° 18° 

Temperature of frog............. 22° Ppa Pie 
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on different days. ‘Two records selected (no. 11, 1; no. 11, 2) 

were of a frog of average susceptibility and the tests 1 and 2 

were made on different days, and the third (no. 14, 1) was chosen 

because it showed unusual sensitiveness. Both types were fairly 

common and the sensitiveness or dullness persisted with repeated 

stimulations in nearly all the animals tested. These results 

indicated that the speed of applying stimuli is not the only factor 

present in quick or slow responses. 
The heat responses were characteristically sharp upward Jerks 

of the leg. As it was pulled upward the toes were held together 
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with the web folded between them, a very different position from 

that later observed in the response to cold. Responses increased 

in vigor with the increase in heat and were often followed by 
jerking and twisting of the whole body. 

The interval between stimulation and response to heat (actual 

reaction time) was relatively long. Frogs which responded 

unfailingly at 40°C. might not do so for twenty seconds after 

contact with the stimulant. This also contrasted with the short 

reaction time of the cold response and indicated that the receptors 

for warmth in the frog’s skin lie deep, and those for cold are 

superficial as in the human skin. The reaction time showed a 

fairly regular decrease with the increase of the heat. This was 

observed in all experiments with increasing temperatures. Thus 

far the experiments with heat show a characteristic response 

which occurred with clock-like regularity; with increasing heat 

the first responses were between 35°C. and 43°C. and the reaction 

time was comparatively long, but decreased as the heat increased. 

The range of the first type of response was only slightly modified 

when the stimulus was very gradually applied. 

Is there a temperature sense in the skin? With regular re- 

sponses thus secured in the foot, the next problem was to show 
that these responses were not due to stimulus of the muscles, 

and to prove the exclusive presence of the temperature sense 
in the skin. 

The skin was desensitized by three different methods. A series 
of tests paralleling the preceding was made upon frogs with 

one foot normal and the other treated with a solution of 1 per 

cent cocaine, upon frogs with one foot normal and the other with 

the sciatic nerve cut, and upon frogs with one leg normal and 

the skin removed to the ankle from the other. 

The cocaine method of desensitizing the skin has been used 

by L. W. Cole (10), Crozier (’16), and others. By varying the 

length of treatment with the 1 per cent solution of cocaine, dif- 

ferent senses in the skin can be affected or even eliminated. In 

experiments which involved only the heat sense the foot was 

cocained for thirty minutes immediately preceding the experi- 

ment. It was also immersed in the cocaine solution during the 
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intervals between stimulations. Cocained and normal feet were 

alternately stimulated by water increasing in heat by 1° at a 

time from 30°C. to 50°C. (table 4). The first reaction of the 

cocained foot was at 45°C. after a reaction interval of 24 seconds, 

but the first response of the normal one was at 40°C. after a 

reaction interval of 5 seconds. The average degree of first re- 

TABLE 4 

Responses in seconds to heat increasing by 1°C. at each stimulation. Right foot 

cocained 80 minutes. Left foot normal. Reaction allowance 80 seconds. 

Stimulation time, 2 minutes. © = no response 
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sponse for the cocained foot was 45°C. after an average reaction 

time of 21.75 seconds. For the normal foot the average first 

response was at 40°C. after an average reaction interval of 

4.5 seconds (table 4). 

Following this twelve more frogs were tested by similar meth- 

ods, but with the stimulations beginning at 15°C. and continu- 
ing by 5°C. intervals to 45°C. (table 5). Since no responses 

were secured, the lower degrees 15°C. to 30°C. have not been 
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included in the table. At 40°C. the normal foot of each frog 

responded after an average reaction time of 10 seconds. At45°C. 
the cocained foot responded after an average reaction interval 

of 16.75 seconds against an average of 8 seconds for the normal 

foot. Such results showed that when the skin was anaesthe- 

tized the temperature sense was affected—a clear proof that the 
heat receptor is located only in the skin. 

In order to test this question further, however, the cutaneous 

nerve supply was cut off by severing the sciatic nerve at the thigh. 

In four frogs thus treated the injured and the normal leg were 

TABLE 5 

Responses in seconds to heat increasing by 65°C. at each stimulation in a range of 

15°C. to 45°C. Right foot cocained 30 minutes. Left foot normal. Reaction 

allowance, 30 seconds. Stimulation time, 2 minutes. © = no response 

TEMPERATURES IN DEGREES C. REACTIONS 
NUMBER OF NUMBER 

OF EXPERI- 
INDIVIDUAL MENT 

Room Bath water Frog Stimulus | Right foot | Left foot 

25 2 16° 16° 15° 35° © © 

25 2 16° 16° 15° 40 co 10 

25 2 16° 16° 15° 45 25 10 

27 2 19° 15° 16° 30 @0 <0 
27 2 19° 15° 16° 40 oo 5) 
27 2 19° 15° 16° 45 10 2 

30 1 18° 15° 16° 30 20 eo 
30 1 18° 15° 16° 40 oo Bst5 
30 1 18° 15° 16° 45 15 12° 

alternately stimulated by the same degree of heat, but not the 

slightest response was obtained from the denervated leg, showing 

that the response was in no sense purely muscular. From three 

other frogs the skin of one foot was removed. The feet of one 

were alternately immersed in water of increasing temperature, 

those of the other two were dipped in water at 45°C. Again 

there was no reaction except in the normal foot whose responses 

were uniform with those already secured. Hence the skin of the 

frog’s foot is essential to these reactions. The results of these 

experiments show that the temperature sense is at once affected 

by cocaine, and that it is entirely eliminated by destruction of 

the cutaneous nerve supply or by removal of the skin. — 
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Independence of the responses to touch and heat. In the human 

skin responses to tactile stimulations occur quickly, but pain and 

heat have a longer reaction interval. In the frog reaction times 

to touch and heat were first compared in the normal skin as a 

step toward the separation of the two senses and finally from 
those of cold, pain, and the chemical senses. 

In these comparative experiments the heat stimulation was 
conducted as before. In applying the tactile stimulus a simple 

TABLE 6 

Responses in seconds to heat at 40°C. and to heat increasing by 5°C. at each stimu- 

lation in a range of 25°C. to 50°C. Left foot with skin removed. Right foot 
normal. Reaction allowance, 30 seconds. Stimulation time, 2 minutes. © = 

no response 
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device was employed by which the stimulus could be kept uni- 

form and brought to bear on a particular area (fig. 1). This 

device consisted of a single iron standard from the top of which the 

frog was suspended by an adjustable arm. Below this were two 

adjustable arms also provided with clamps. Into the lower and 

longer one a small board was fastened by a flexible wire so that 

the board could be easily turned in any direction. ‘This board 
served to support the frog’s foot very lightly and when flooded 
with water there was probably little tactile stimulation from it. 
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The upper clamp held a large tube through which common steel 

shot could be easily rolled. This tube was adjustable in the 

clamp so that its angle of inclination could be easily changed. 

When a tactile stimulation was to be made the frog was suspended 

Fig. 1 Apparatus for suspending frog and for tactile stimulation by falling 

shot. 

with its foot resting very lightly on the support, and with the 

glass tube trained upon the spot to be stimulated, so that when 
the shot was rolled through the tube it would strike the proper 

surface of the foot. The distance between the surface of the 

foot and the end of the tube, the inclination of the tube at 45°, 
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and the size of the shot were kept constant, but the length of the 

tube was varied according to the strength of the stimulus desired. 

The length of the tube and one or two words descriptive of the 

reaction have been recorded in each table. The results secured 

TABLE 7 

Responses in seconds to touch and heat. Shot rolled through tube striking upon the 

surface of the foot. Feet normal. Reaction allowance 30 seconds. 

Stimulation time, 2 minutes. © = no response 

TEMPERATURES IN 
DEGREES C., STIMULATED BY REACTIONS 

NUMBER NUMBER z 

OF OF EXPERI- Shot; 
INDIVIDUAL MENT Bath length . 

Room | Water Frog | of tube} Water Right foot Left foot 
used for 
shot 

inches 

12 6 20° 1999 |"e202 2 1 lifted 1 lifted 

12 6 20° 192202 2 1 lifted 1 lifted 

12 6 20° 1Q2e e202 2 1 lifted 1 lifted 

12 6 20F) |) IOS 20" 45°C.) 6 jerked 3 jerked 

13 5 16° 16° 153 2 1 lifted 1 lifted 

13 5 16° 16° ies 2, 1 lifted co 

13 5 16° 16° Ty? 2 1 lifted co 

13 5 io)" 16° 15 45°C.| 6 lifted 3 lifted 

15 3 eye je ales |). ais 2 1 jerked 1 jerked 

15 3 19° iil nile 2 1 jerked 1 jerked 

15 3 19° 10S te 2 2) 1 lifted 

15 3 TQS els le 45°C.) 6 jerked 5 jerked 

16 1 Dom 19° Se 2 oo oe) 

16 1 Bae yy 19? a) ase 2 1 jerked 1 jerked 

16 1 23° 19° 18° 2 1 lifted 1 jerked 

16 i 2am 19° 18° 2, 1 lifted 1 lifted 

16 1 DSP NAGE? | IS” 45°C.| 14 lifted 9 lifted 
13 3 225) 19° 18° 2, 1 jerked 1 lifted 

13 3 22 oil Ocal eels 2 % 1 jerked 1 lifted 

13 3 BOIS 19° iRSSS 2 00 oe) 

13 3 227 | AO 1S? 45°C.| 5 jerked 5 jerked 

by stimulating the normal feet by the stroke of the shot, also by 

heat, are shown in table 7. Twelve experiments were made and 
the records of five were selected because these showed the early 

exhaustion of the tactile Sense and the persistent presence of the 
heat response, the shorter reaction time and gentler response to 

touch contrasted against the abrupt reaction of heat following 
a long reaction time. 



TEMPERATURE SENSES IN FROG’S SKIN 99 

If the receptors for heat le deeper than those for touch and 

cold, as is true in the human skin, it seemed that it would be 

possible to affect them sooner by a solution of cocaine and thus 
demonstrate the independence of the two senses. This was 

attempted by stimulating a normal and a cocained foot with the 

falling shot and with heat. Some difficulty was experienced in 

TABLE 8 

Responses in seconds to touch and heat. Touch stimulation shot, rolled through 

tube striking upon surface of the foot. Right foot cocained 10 to 20 minutes. 

Left foot normal. Reaction allowance, 30 seconds. Stimulation time, 2 minutes. 
© = no response 

TEMPERATURES IN 

NUMBER | NUMBER DEGREES C, stimu- | VATED | co- EET ONS 

een lee anaes | SBOE |epare 
Cee ees Room Bae Frog) | WATEs “or MaNT Right foot Left foot 

inches |miuutes 

13 4 228 18° 19° 2 20 co 1 lifted 

13 4 22s 18° 19° 2 20 co 1 jerked 

13 4 225) 18° | 19° 45°C. 20 | 11 jerked 1 jerked 
15 4 18° 19° ie 2, 20 ) 1 lifted 

15 4 18° 19° gis 2 20 oo 1 lifted 

15 + 18° 19° tie 45°C: 20 8 jerked 4 lifted 

15 7 19° 19° 18° 5 15 oo 1 lifted 

15 ai 19° 19° 18° 5 15 oe) 1 lifted 

15 i 19S OS wel Seaton. 15 8 jerked 4 lifted 

13 6 16° 16° 16° 2, 10 co 1 lifted 

13 6 16° 16° 16° 2 10 oo 1 con- 

tracted 

13 6 16° 16° 1G |) 450) 10 8 jerked 4 jerked 

12 a D337 1G oes 202 2 20 © 1 lifted 

12 a oo LORS 20° 2 20 co 1 lifted 

12 7 2°6)| > 19° 120°) | 45°C. 20 4 jerked 2 jerked 

keeping the skin from being exhausted by tactile stimulation 

before the cocaine treatment was finished. Frogs which strug- 

gled had to be repeatedly adjusted, and this could hardly be 

accomplished without touching the frog somewhere. It was 

necessary, therefore, to perform a good many experiments and 

to select quiet frogs. Fifteen such frogs were used, and from their 

records the five in table 8 were selected. In these fifteen frogs 
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the normal foot never failed to react to touch except in two cases, 

clearly caused by a faulty technique. The cocained foot failed 

to react to the strike of the falling shot at any time (table 8), 

but both the normal and cocained foot reacted regularly and with 

the same retardation which had been affected by the cocaine in 

previous experiments (tables 4, 5). The conclusion is that 

independent heat receptors are present in the foot of the frog 

and that a complete separation of the touch and the heat sense 

had been affected. 

TABLE 9 

Responses in seconds to pain and heat. Pain stimulation by pricking outer side 

of fifth toe. Feet normal. Reaction allowance, 30 seconds. 
Stimulation time, 2 minutes 

SUES ee MU DEGREES C. a STIMULATED on mas 

Oe EXPERI= |———— = || BY NEEDLE BY 

MENT | Room eae Frog was Right foot Left foot 

10 10° 202) 9? fetse Pricking 1 jerked 1 jerked 

10 10 20 cae als Pricking 1 jerked 1 jerked 

10 £0, | AZOP | TOS Ase 40°C.| 6 jerked 7 jerked 
50 il PA ie 20? ie TSE: Pricking 1 jerked 1 jerked 

50 a PA | ADS || “ksh Pricking 1 jerked 1 jerked 

50 1 PN 1) PANS NP alte) 40°C.) 6 jerked 7 ‘jerked 

Independence of the responses to pain and heat. The method 
used in this separation was dipping the foot in water at 40°C. 

and pricking the skin on the outer side of the fifth toe. No degree 

of heat higher than 40°C. was used, because of the possibility 

that the higher degrees of heat might be painful and the two 

responses thus confused. Pricking the web between the third 

and fourth toes was first tried, the particular web being quite 

arbitrarily selected for stimulation. In some cases the foot 

would react to pricking done anywhere on this web, in other 

cases it would react to it in certain areas only, and in still other 

cases the foot would fail or almost fail to give any reaction at 

all to pricking anywhere on this web. Other webs were after- 

ward tried with much the same result. When the skin on the 
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side of the toe was pricked, the normal foot never failed to react, 

though care was taken that the needle did not pass through 

underlying tissue. 

TABLE 10 

Responses in seconds to pain and heat. Pain stimulations by pricking the side 

of the fifth toe. Right foot cocained 50 minutes. Left foot normal. Reaction 

allowance, 30 seconds. Stimulation time, 2 minutes. © = no response 

TEMPERATURES IN 

ne tae oF peewee STIMULATED Gharean rea 
pee EXPERI- BY NEEDLE BY 

MENT | Room peer Frog Meee oe Right foot Left foot 

47 1 AREA IGs. 1-165 40°C co 1 jerked 
AT 1 IGE SIGS Mh OIG? Pricking 1 jerked 1 jerked 

47 1 1B2. siGS al Ae 40° <o 8 jerked 
47 1 1Se Vor) | 16" Pricking 1 jerked 1 jerked 
AT 1 1S elo? P16" 40° © 15 jerked 
48 1 DAY hse ar Ge 40° oo 6 jerked 
48 1 Ze else lleel Ge Pricking 1 jerked 1 jerked 

48 1 A Nai A (sare le i 40° oo 5 jerked 

48 1 Bla ae it 2G Pricking 1 jerked 1 jerked 

48 1 21s 1S.) AGS 40° co 10 jerked 
49 1 Pie Wedge et Ge 40° co 9 jerked 
49 1 A tele ee Wy ein RI oy Pricking 1 jerked 1 jerked 

49 1 PAL Neel eh ha love 40° | 28 jerked | 12 jerked 

49 1 PAS Neh aye Pricking 1 jerked 1 jerked 

49 1 DAs CLT, 16: 40° | 29 lifted 12 jumped 
AT 2 208 i. 10 Ah Ge 40° © 7 jerked 
47 2 BOP ot U7?) ealGe Pricking 1 jerked 1 jerked 

47 2 2Op a) ite ah eke 40° | 25 lifted 6 jerked 

47 Py PAD? | Al AK} Pricking 1 jerked 1 jerked 

47 2 20 ee echt AGE 40° oo 15 jumped 

47 3 NG? witha) MAD 40° © 12 jerked 
47 3 ISP i) PA eee Pricking 1 lifted 1 lifted 

47 3 LO aL age RN i 40° | 25 lifted 5 lifted 
47 3 PG ieee Meee Pricking 1 lifted 1 lifted 

47 3 fe i eh 12 40° <0 25 lifted 

This comparison of pain and heat was first tried upon the 

normal feet with a regular, sudden, and vigorous response to the 
pricking and the characteristic jerk and extended reaction time 

after heat stimulation. The response to heat was eliminated or 

greatly retarded by the fifty minutes’ treatment with cocaine 
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given to the right foot, but the normal left foot showed either a 

normal reaction time or one slightly longer than usual. Pricking 

produced immediate and vigorous response in both the cocained 

and normal foot even after a long period. 

Independence of the responses to acid solution and heat. The 
existence of the common chemical sense in the frog’s skin was 

clearly shown by L. W. Cole (10) and by Crozier (’16). Cole 

treated the skin with cocaine and found it sensitive to ammonium 

chloride after response to pain had wholly disappeared, and by 

TABLE 11 

Responses in seconds to acid solution and to heat. Acid stimulation by 0.5 per cent 

HCl solution. Right foot cocained 45 minutes. Left foot normal. Reaction 

allowance, 30 seconds. Stimulation interval, 2 minutes. © = no response 

TEMPERATURES IN 
NUMBER | NUMBER DEGREES C. ieee pees REACTIONS 

ee eee SSE SS pe sreaee marcl 

Men ieese MEN Room ee Frog : Right foot Left foot 

per cent 

47 4 16° 12 ab 40° co 25 lifted 

47 4 16° ip 12° 0.5 1 lifted 1 lifted 

48 2 19° 16° 18° 40° oo 12 lifted 

48 a) AG?| 446° | ASP 0.5 1 jerked 
49 2 19° 15 (Bie 40° © 25 lifted 

49 2 19° 15s 13° 0.5 1 lifted 1 lifted 

47 5 19° 15g 14° 40° co 5 lifted 

47 5 19° ibs 14° 0.5 1 lifted 1 jerked 

46 6 19° i) iby 40° ee) 7 lifted 

46 6 19° sty eS 0.5 7 lifted 3 lifted 

similar treatment Crozier secured responses to N/20 formic acid 

after response to pinching had altogether ceased. 

In the separation of chemical and temperature senses the 

previous method of comparison was repeated. Water at 40°C. 

and a solution of one-half of 1 per cent hydrochloric acid were 

used as stimulants. After forty-five minutes of the cocaine 

treatment there was no response to heat by the right foot, 

although its reaction to the acid solution was as prompt and 

vigorous as in the left. These facts are quite in accord with 
those observed by Crozier. 
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Responses to cold 

Normal frogs respond promptly and definitely when they are 

placed in water sufficiently cold. Such behavior was observed 
by both Torelle (03) and Brooks (718), who recorded that frogs 

immersed in water of 5°C. swam downward, attempted to regain 
the surface a couple of times, but finally sank to the bottom and 

remained there. 

In studying the effect of cold, experiments such as had been 

made by Torelle and by Brooks were repeated in the reflex frogs 

so as to compare their behavior with that of normal frogs. 

The temperature of the frog was taken before and after the 

experiment. Four gallons of water at a temperature of 4°C. to 

5°C. was kept in an aquarium jar in the laboratory and frogs 

were placed in this water for periods of two minutes. Short 
records of observations were made by fifteen-second intervals 

(table 12). The first responses were uniformly either a spasmodic 
jump or a ‘set’ of the whole body like the ‘freeze’ of a rabbit, 

followed by a series of jumps, then a gradual sinking in which 

the body fell rigidly backward or forward and finally rested 

stiffly on the bottom of the jar with the legs extended. These 

responses were generally very uniform, but when there were 

individual peculiarities they were persistent. For example, 

frog no. 16 was tested on different days, but itsimmediate response 

to cold was always a sudden ‘set’ in which the legs were tightly 

flexed to the body, the toes extended, with the web tightly 

stretched and the soles out. In this position the frog would sink 

to the bottom without a contraction; it did not, however, lose 

its rigidity even when it was turned from side to side with a rod. 

A few similar observations were made upon normal frogs to 
compare their behavior with reflex frogs. The two records 

presented in table 13 are typical of a half-dozen. Normal 

frogs floated longer at the surface than reflex frogs did, but in 

other respects the behavior of the two kinds was essentially 

the same. 
Alternate dipping of the feet in water at 2°C. resulted in much 

the same response as did total immersion. The characteristic 
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one was the same extension of the toes, and stretching of the web 

accompanied in some frogs by a spasmodic upward Jerk of the 

leg as soon as the tip (table 14) of the toe touched the water 

(no. 23, exp. 2, table 15). Two frogs had persistently long 

reaction periods of two and eight seconds, but a very short 
interval was typical of the cold response. 

After a dependable cold response had been shown to occur, 

further steps were necessary to prove that the cold receptors 

TABLE 14 

Response of foot to water at 2°C. Feet normal. Reaction allowance, 30 seconds. 
Stimulation period, 2 minutes 

TEMPERATURES IN 
NUM- NUM- DEGREES C. STIMU- REACTIONS 

BER OF | BER OF LATED 

TENGE S [DDoS a a oe in ln nna BY 

VIDUAL | MENT | poo | Bath Frog | WATER Right foot Left foot 
water 

15 138 | 25° | 14° | 138° | 2°C. | Stretched, rigid, | Stretched, web 
kicked spread, kicked 

15 13 25° | 14° | 13° | 2°C. | Rigid, stretched, | Rigid, stretched, 

flexed flexed 

17 5 | 25° | 14° | 14° | 2°C. | Stretched, raised | Stretched, 
web spread 

17 5 25° | 14° | 14° | 2°C. | Stretched, raised | Stretched, 

web spread 

20 2 1S 20e We isoule2cCu |p erkedvashtoe Jerked 

touched as toe touched 

20 2 18° | 20° | 18° | 2°C. | Stretched, rigid, | Stretched, 

web spread web spread 

were in the skin. Their location in its superficial layers had 

already been suggested by the short reaction interval. _In experi- 

ments recorded in table 15 responses to cold were invariably 

eliminated by a half-hour cocaine treatment, whereas this only 

retarded the heat reaction. The records of the alternate stimu- 

lation of the normal foot and the cocained foot by water at 2°C. 

showed a clock-like regularity in the response of the normal foot. 
At what temperature does the skin become responsive? A 

definite beginning point (39° to 43°) has already been established 

for the heat response, but investigations of the cold limitations 

have not yet been mentioned. 
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By previous tests the skin had been unresponsive to 25°C. 
Tests with decreasing cold were begun at this degree therefore 

and the temperature was decreased with intervals of 5° down to 

1°C. The right feet were desensitized in order to further demon- 

strate the possibility of eliminating the cold sense from the skin. 

The right and left foot were alternately stimulated but, except 

TABLE 15 

Responses of foot to water at 2°C. Right foot cocained 30 minutes. Reaction 
allowance, 30 seconds. Stimulation time, 2 minutes 

TEMPERATURES IN 

NUMBER ea DEGREES C, eae SLAIN GOIOS TS 

aoe 1D.) 0) 19) ed Wet ae ee a ; 

BAN Room Beth Broge |. ane et Left foot 

13 15 17° | 16° | 14° | 2°C.| None | Toestretched, web spread 

13 15 17° | 16° | 14° | 2°C. | None | Stretched, body twisted 

13 15 17° | 16° | 14° | 2°C. | None | Stretched feebly, fatigued 

15 15 15° | 15° | 14° | 2°C.| None | Stretched, web spread 

15 15 15° | 15° | 14° | 2°C.| None | Leg stretched 

15 15 15° | 15° | 14° | 2°C.| None | Leg stretched, fatigue 

17 7 19° | 17° | 14° | 2°C.| None | Leg stretched, web spread 

17 if 19° | 17° | 14° | 2°C.| None | Leg stretched, web spread 
17 Uh 19° | 17° | 14° | 2°C.| None | Leg jerked 

17 4 19° | 17° | 14° | 2°C.| None | Leg stretched, web spread 
ibys th 19° | 17° | 14° | 2°C.| None | Leg stretched, jerked 

17 a 19° | 17° | 14° | 2°C.| None | Leg stretched, fatigue 

23 2, 20° | 18° | 16° | 2°C.| None | Jerked, web spread 

23 2 20° | 18° | 16° | 2°C.| None | Jerked, web spread 

23 2 20° | 18° | 16° | 2°C. | None | Jerked, jumped 

in one case, there was no response till the temperature was reduced 

to 10°C. (table 16). 

Between 35°C. to 43°C. and 10°C. to 15°C. there was a range 
of temperature to which the frog’s skin did not respond. This 

range was limited on one side by the threshhold stimulus for 

heat and on the other by that for cold. The cold as well as the 

heat receptors have been proved to lie in the skin. The response 

to cold has its own peculiar characteristics, also a shorter reac- 

tion time and an earlier exhaustion point. 
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Independence of the responses of cold and heat. Cold and heat 
sensation are separable by exhaustion of the cold receptors and 

by treatment with cocaine. The right foot was each time 

immersed for twenty minutes in the solution of cocaine and the 

right and left feet were then stimulated by water at 2°C. and 

TABLE 16 

Responses in seconds of the foot to decreasing temperatures. Right foot cocained 
30 minutes. Left foot normal. Reaction allowance, 30 seconds. 

Stimulation time, 2 minutes. © = no response 

TEMPERATURES IN DEGREES [Ge REACTIONS 
NuM- | NUMBER 
BER OF OF = 
INDI- | EXPERI- Stimu- : 

oc 

yinuar| wenr | Room | E8th | prog lus | Right Left foot 
water foot 

28 2, 20° 15? 15s 152 ro) co 

28 Py ZO Cages ay ES ces) OS ro) 1 toes extended, web spread 

28 2 200 ih aee han 5° co 1 web spread feebly 
28 2 202 Netoce | plore i= co 1 toes extended, web spread 

31 1 Doe fon 15 US ee) ) 

31 1 ppd 1G 15> 10° co co 

31 1 BRAD OW TESA That xe re) 1 jerked as toe touched water 

SL 1 Zee lo. elon is ro) 1 jerked as toe touched water 

1 11 20° iG 16° 155 co co 

17 11 20a) tos lor? 10" © 11 foot lifted, web spread 

17 11 200i. o15° |G? 5° co | 18 foot lifted, web spread 

17 11 20° 1G 16° iy co oo 

17 12 DAO 25 14° 152 co oe) 

iy 12 ee eteoes el Oe © 1 toes extended, web spread 

17 12 PA {PAS 14° NS oo) 1 jerked 

iV 12 PONE SN Ee ee i iy © 1 toes extended, web spread 

45°C. (table 17). Responses to cold entirely ceased; those to 

heat remained vigorous with a lengthened reaction time. 

Independence of responses to touch and cold. The ease with 

which the sense of touch disappears from the skin has already 

been mentioned in connection with touch and heat. 

In that case responses to touch failed after the foot was im- 

mersed in cocaine 10, 15, 20 and 25 minutes, but reaction to 

water at 45°C. remained retarded but vigorous. In the same 
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manner as with touch and cold, touch was very easily eliminated, 

and by reducing the cocaine treatment the cold sense could be 

preserved (table 18) in a very effective condition. 

Independence of responses to acid and cold. The sensation of 

cold was separated from the chemical sense in the skins of twelve 
different frogs. After thirty minutes of treatment with cocaine 
on the right foot the feet were alternately stimulated as usual. 

TABLE 17 

Responses of the foot to heat and cold. Right foot cocained 20 minutes. Left foot 
normal. Reaction allowance, 30 seconds. Stimulation time, 

2 minutes. ~ = no response 

TEMPERATURES IN DEGREES C. REACTIONS 
NUM- | NUM- 
BER OF | BER OF 
INDI- |EXPERI- Bath Stimu- 4 

VIDUAL | MENT | Room z Frog lus Right foot Left foot 
water ms 

water 

5 15 ToS) |, 15S 4) Ae De 20 1 toes stretched 

5 15 15° | 15° | 14° | 45° | 13 jerked] 13 jerked 

17 6 POR AAG eS cig Pe <) 1 toes stretched, webspread 

17 6 | 19° | 19° | 19° | 40° | 25 jerked] 5 jerked 
17 6 19° | 19° | 19° | 45° | 10 jerked] 6 jerked 

17 6 19a AOE Ge 2° 00 1 stretched, web spread 
17 6 | 19° | 19° | 19° | 40° | 20 jerked| 17 jerked 

21 5 102) ge 7) AGS 2° 0 1 web spread 

21 5 19° | 16° | 16° | 40° | 17 jerked} 10 quiver, jerked 

24 Ges Or. | Geo) Tee Ze co 3 stretched 
24 6 20°) | IGE. Gr 40" 9 jerked| 6 jerked 

The cold response was easily obliterated by the cocaine, but the 

acid caused a sharp upward jerk at long or irregular reaction 

intervals. This response itself seemed to differ little from that 

of the normal foot. 

Independence of responses to pain and cold. Pain responses 

were produced by pricking the skin of the frog on the side of the 

fifth toe—a procedure that produced more regular results than 

when the web was similarly stimulated. Care was always taken 

that the needle did not go into the deeper tissues. The foot was 
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TABLE 18 

Responses in seconds of the foot to touch and cold. Right foot cocained 10 to 25 
minutes. Left foot normal. Reaction allowance, 30 seconds. 

Stimulation time, 2 minutes. © = no response 

TEMPERATURES IN DEGREES C, |LENGTH REACTIONS 
NuM- | NUMBER OF co- 

BER OF ORM ae | eee eS inca || carne 
INDI- EXPERI- USED | TREAT- ; Stimu- 
a2) MENT i \cRoom path. Frog “hus. Soe MENT Right foot Left foot 

23 18 Bie 18° ig 5 25 co 1 lifted 

23 18 Doe LS SLES we 25 | 6 lifted 2 lifted 

38 20 Pile 16° rises 5 15 co 1 lifted 

38 20 pile 16° ibys 5 15 fe) 1 lifted 

38 DOR eo | rebte- ener dy < Zee is 15 | 1 lifted 10 lifted 

39 32 Pile ie 18° 5 25 20 1 jerked 

39 32 Pe lhecgel ica (pel oo oe 25 | 1 stretched 1 jerked 

40 1 20° yf 19° 5 15 oe) 1 lifted 

40 1 20° 172 19° Ae 15 | 1 shiver 1 lifted 

41 1 DNS 18° 19° 5 10 o0 1 jiggle 

41 1 22° edae | 19° 2° 10 |1web spread} 1 jerked 

TABLE 19 

Responses in seconds of the foot to acid and to cold. Right foot cocained 30 minutes. 

Left foot normal. Reaction allowance, 80 seconds. Stimulation 

time, 2 minutes. © = no response 

TEMPERATURES IN DEGREES C. REACTION 
ACID 

: STIMU- 
Stimu- 
ifr Lus HCl 

NUMBER | NUMBER 

OF OF Lad nal a == sy 

INDI- EXPERI- Bath 

VIDUAL | MENT | Room epiter Frog Right foot Left foot 
water 

per cent 

24 of Dec. |e elGrs | 18° 2° ©0 3 body twisted 

24 7 2g elon 18° 0.5 | 15 jerked | 2 jerked 

24 8 Seen uelon 16° 2S © 1 toes extended 

jerk 

24 8 iS || TIS |] alas 0.5 1 jerked | 1 jerked 

28 3 1925 eel Ogee Oe De 00 1 web spread 

28 3 19° iG= 16° 0.5 | 20 jerked | 1 jerked 

32 it Doe i Moa we eles ca Be co 1 web spread 
32 il DREN OSS | TIES 0.5 | 15 jerked | 3 jerked 
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supported when being pricked and by putting the needle only 

through the side surface it was thought that this was avoided. 

Twelve frogs were stimulated by pricking and by water at 2°C. 

Reaction to cold was eliminated by cocaine treatment in as short 

a time as ten minutes. No effect upon the pain response or its 

reaction could be discerned. 

TABLE 20 

Responses in seconds of the foot to pain and cold. Right foot cocained 10 to 30 

minutes. Left foot normal. Reaction allowance, 30 seconds. 

Stimulation time, 2 minutes. © = no response 

NUM- NUM- Maree Wolk i COCAINE NCIS 

BHR ORS BERION |= se Se STIMULATED TREAT- 

ENE EXPERI- Stim- BY NEEDLE MENT 

\ABSNEE EL || ALHOESEN VHT BY oyovaat Bath Frog | ulus Right foot Left foot 
water 

Rint. ie minutes 

23 be a2 8 iN I en a 30 oo 1 spread, 
lifted 

23 iL WAXD? |i ig’ |p ilkss Pricking 30 | 1 jerked | 1 jerked 

43 LORS ay aia ae = ae 20 ro) 1 web 
spread 

43 1 oe oe | ae Pricking 20 | 1 jerked | 1 jerked 

23 DN DOR ASS Mas ct 28 20 <0 1 -web 
spread 

23 Py || PAO Messy Tb Pricking 20 | 1 jerked | 1 jerked 

4A) Dee 212 15°) 16° 4) 22 20 co co 
44 Th PAS | S| a= Pricking 20 | 1 jerked | 1 jerked 

De 1 PANS AW aa Wee | Pe 15 co 1 web 

spread 

23 Peoe2Ors dae Ge Pricking 15 | 1 jerked | 1 jerked 

17, 1) PAS alyee Wax 10 ©0 1 stretched 
17 1 a aah Ne aires Pricking 10 -| 1 jerked | 1 jerked 
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DISCUSSION AND RESULTS 

A temperature sense is easily demonstrable in the frog’s skin. 

There is a response to heat characteristic in form and reaction 

time. The lowest degrees of heat which stimulate the skin lie 

somewhere between 35°C. and 41°C. If the skin be stimulated 

by water increasing in heat by 5°C. at each stimulation from 

30°C. to 50°C., the first response may be expected at 35°C. If 
the same series is followed except that the heat be increased by 

1°, the first response may occur at 40°C. or 41°C. The skin 
responds to the higher degrees of heat with great regularity. 

As the heat is increased from 35°C. to 50°C. the reaction time 

decreases with more or less regularity from long intervals (25, 

15, 12 seconds) to short ones (2, 1 second). 

It will be remembered that some of the early workers main- 

tained (Goltz, ’69; Heinzmann, ’72) that if reflex frogs were 

stimulated gradually enough with increasing heat they could 

be subjected to considerable warming without resistance. My 

investigations show only a slight agreement with them which has 

been mentioned. It has not been possible to stimulate the foot with 

increasing heat beyond 43°C. without response, even when the 

frog’s foot was suspended in a beaker of water at 20°C. and the 

heat almost imperceptibly increased by an inflow of warm water. 

The long reaction time of the heat response agrees with v. Frey’s 

contention that the heat receptors are in the deeper and the 

cold receptors in the more superficial layers of the skin. 

It has been possible to isolate the temperature sense from the 

tactile and chemical. This has been done by treatments with 

1 per cent solution of cocaine. Crozier (16) used this method in 

separating the tactile and chemical senses, and by it Cole (710) 

eliminated response to pain, but preserved sensitiveness to taste. 

The separation of temperature from other senses gave the follow- 

ing results. Response to acid (0.5 per cent hydrochloric) per- 

sisted beyond response to heat. Pain persisted beyond heat; 

heat and cold beyond touch. With the thermal and chemical 

stimulations care has been taken to immerse the same amount 
of surface. It has of course not been possible to make any 
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equivalence between chemical and tactile stimuli or degrees of 
heat and cold. Granting this necessary inaccuracy, 45°C. heat 
and 2°C. cold were selected as sufficient extremes to be set against 
each other. 

There is a definite cold sense present in the frog’s skin. When 

the foot was immersed in water of decreasing temperatures, the 
first responses occurred at 10°C. Contrasted with that of heat, 

the interval between stimulation and response was an inconsider- 

able period and could not be accurately taken with a stop-watch. 

The responses to cold were of two types, a sudden rigidity of the 

muscles of the leg, with a spreading of the toes and web, or an 

upward jerk instantly following the contact of the toes with the 

water. The latter action was less frequent and usually occurred 

after stimulation by severe cold or in unusually sensitive frogs. 

Such responses differed from heat responses only in the length 

of the reaction time. 

The sense of cold may be wholly eliminated by cutting the 
nerve, removing the skin, or by cocaine treatment. It can be 

shown to be independent of heat, and the tactile and chemical 

senses by the same treatment. In such comparisons sensation 

to cold disappears, acid remains; cold disappears and heat and 

pain remain, but cold remains while touch is eliminated. 

The frog’s skin is indifferent to temperature of 10°C. or 15°C. 

to 35°C., whether the stimulation be made by gradual increases 

or whether it be given suddenly at one selected degree. 

SUMMARY 

The skin of the frog contains well-defined receptors for heat 

and for cold. The heat receptors have a comparatively long reac- 

tion time. The heat receptors are stimulated by 39°C. to 48°C.; 

the cold receptors at 10°C. This response is immediate and 

becomes more vigorous as the cold is increased. The typical 

response to heat is an upward jerk of the leg. The typical 

response for cold is a rigidity and tenseness of the muscles, but 

there may be an upward jerk similar to that of the heat response. 

Responses to heat and cold may be separated from each other 

and from the tactile and chemical senses. 
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Resumen por el autor, 8. R. Detwiler. 

Experimentos sobre la transplantacién de los miembros en 
Amblystoma. 

Nuevas observaciones sobre las connexiones nerviosas 

periféricas. 

El cambio de posicién del rudimento del miembro anterior de 

Amblystoma en un numero determinado de segmentos poste- 

riores 0 anteriores a su posicidn normal no afecta del mismo modo 

el cambio correspondiente de la contribucion del nervio seg- 

mentario al plexo braquial. Existe una marcada tendencia 

en el miembro transplantado a recibir inervacién del nivel del 

miembro normal en la médula. Cuando se transplanta el 

miembro en una positién anterior de dos o tres segmentos las 

porciones distales de los nervios del miembro normal crecen 

anteriormente, en contra de la oposicién mecanica de los miotomos 

en vias de desarrollo, con el fin de efectuar una conexién funcional 

con el apéndice heterotédpico. La posicién y extensidn del 

rudimento transplantado determinan solamente hasta cierto 

punto el numero de nervios segmentarios que contribuyen al 

plexo. Las pruebas acumuladas en estos y en previos experi- 

mentos (Detwiler, ’20) indican que existe una relacién, de de- 

sarrollo entre el miembro y sus nervios normales, la cual es 

mas intima en cardcter que cualquier otra asociacién semejante 
entre estos nervios y otras estructuras. La funcién de los miem- 

bros transplantados esté condicionada por cuatro factores prin- 

cipales: I) La estructura incompleta de la cintura escapular; 

2) las deficiencias musculares; 3) la inervacién periférica de- 

fectiva, y 4) las conexiones defectuosas dentro del sistema ner- 

vioso central. La funcién mas completa de los miembros trans- 

plantados que reciben nervios del nivel tipico del miembro se 

atribuye al hecho de estar en conexién con mecanismo central 

de reflejos adecuado para la motilidad normal. Como apéndice 
al trabajo el autor incluye una consideracién tedrica de los estt- 

mulos que jJuegan papel en las conexiones periféricas normales. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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EXPERIMENTS ON THE TRANSPLANTATION OF 
LIMBS IN AMBLYSTOMA 

FURTHER OBSERVATIONS ON PERIPHERAL NERVE CONNECTIONS 

8. R. DETWILER 

The Anatomical Laboratories, Yale School of Medicine, New Haven, Connecticut, 

and the Peking Union Medical College, Peking ; 

THIRTY-TWO FIGURES 

INTRODUCTION 

In a recent paper dealing with the function and peripheral 

innervation of transplanted limbs (Detwiler, ’20), reference was 

made to the striking tendency on the part of the normal limb 

nerves to supply the appendage when the latter was transplanted 

a considerable distance away from its typical site. In these 

experiments it was found that shifting the anterior limb a given 

number of body segments caudal to its normal position on the 

same embryo did not effect a corresponding shifting of the seg- 

mental nerves contributing to its plexus. Limbs transplanted 
caudally the distance of four and five body segments received one 
or more nerves from the original limb level of the cord (Detwiler, 

op. cit., table 2, p. 133). 

The facts were also brought out that transplanted limbs which 

received innervation from the normal limb level of the cord 

functioned more perfectly than did those whose segmental nerves 

were derived from the post-limb level, and that the limbs showed 

a gradually increasing loss of function as they were trans- 

planted farther and farther away from the normal situation. 

This was attributed to diminution of connections within the 

central nervous system rather than to a corresponding decrease 

in effective peripheral innervation or to structural deficiencies 

within the limb and the shoulder-girdle. The cumulative evi- 
dence suggested that the more perfect function of limbs whose 

115 
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nerves were derived from the original limb level of the cord had 

its explanation in the fact that the appendage in such cases 

was connected with a central nervous mechanism adequate for 

normal motility. 

The remarkable increased growth of the limb nerves and the 

entirely new pathways which they followed to reach their normal 

terminal end organ (limb) when the latter was transplanted 

considerable distances caudal to its normal position strongly 

suggested the possibility that the limb might exert some directive 

influence upon the segmental nerves contributing to its plexus. 

Of considerable significance were the facts that the nerves of 

the limb level, especially the fourth and fifth, grew greater dis- 
tances to meet the transplanted limb than did those coming from 

the more caudal segments, and that the farther away from the 

normal level the limb was transplanted, the less was its liability 

to receive nerves from segments situated anterior to the position 

of the limb, and the greater its tendency to receive nerves from 

segments corresponding to the position occupied by the limb. 

Experiments on various anuran forms (Braus, ’05, and 

Harrison, ’07) have shown, in general, that when a limb is trans- 

planted to an abnormal (heterotopic) position it becomes in- 

nervated from that part of the central nervous system of the host 

corresponding to the position occupied by the implanted limb 

rudiment. In the majority of these experiments the rudiment 

was transplanted at a stage when the principal nerve paths were 

already laid down. Accordingly, when the wound in the host 

was made for the reception of the transplant, the terminal 

branches of the nerves in that region were severed and the im- 

planted rudiment was placed in close apposition to the cut ends. 

The possibility of the limb’s exerting any directive influence on 

the nerves could hardly be tested in such cases, since, as has 

already been pointed out, the limb buds were placed in the direct 
pathway of already formed spinal nerves whose ends were severed 
in preparing the wound, and it is to be expected that these nerves 

would continue their growth into the rudiment so placed. 

In the urodele, Amblystoma punctatum, the forelimb rudiment 
becomes localized quite early, even before the closure of the 
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medullary folds (Detwiler, 717, 718), and it can be transplanted 

prior to the period when outgrowth of the spinal nerves begins. 

Here it is possible, therefore, to test whether or not the trans- 

planted end organ (limb) exerts any directive influence on the 

normal limb nerves at a time when the latter undergo their 

initial outgrowth. 

The fact that limb nerves made connections with their proper 

end organ when the latter was transplanted four and five seg- 

ments caudal to the normal site scarcely seemed explainable on 

purely mechanical grounds any more than proper selective periph- 

eral connections under normal conditions of development can 

be explained solely by mechanical agencies. ‘These nerves did 

not terminate at the limbless area as they did upon simple extirpa- 

tion of the limb, but they continued their growth caudally until 

the heterotopic limb was reached and connections were made. 

The caudoventral elongation of the myotomes undoubtedly acts 

as a mechanical factor in directing the nerves in this same general 

course, since they lie in grooves between the elongating muscle 

segments. 
We might conceive of the extended caudal growth of these 

nerves as due in part to an insufficient number of muscles in the 

general limbless region for the accommodation of all of their 

axones. The non-supplied fibers, being directed by the caudo- 
ventral elongation of the myotomes, would continue to grow 

until the limb muscles were reached and connections were made. 

An interpretation of this nature, however, would not explain why 

the nerves should finally enter the limb when they do reach it, 

nor why they should take priority over the nerves coming from 

segments of the cord corresponding to the position now occupied 

by the transplanted limb. This evidence, pointing to the direct- 

ive influence of the transplanted limb upon its normal nerves, 

suggested the experiments which are taken up in the present 

paper. 
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ANATOMICAL 

Since these transplantation experiments have been carried out 

from the standpoint of the nerve connections and functional 

behavior of the hmbs, it becomes necessary, for proper discussion 

of the results, to consider briefly the anatomical factors involved 

in the regulation of the motility of the heterotopic appendage. 

Four such factors have been discussed previously (Detwiler, ’19, 
’20) :—1) the completeness of the shoulder-girdle in the hetero- 

topic position, 2) the degree of differentiation of the shoulder and 

limb muscles, 3) the completeness of peripheral nerve connections 

with the above muscles, and, 4) the character of the connections 
within the central nervous system. 

1. Shoulder-girdle 

Since the shoulder-girdle has the character of a mosaic 

(Detwiler, 718), its degree of development in the transplanted 

position is variable, depending on the size of the graft and the 

region from which it is taken. When a typical limb rudiment is 

transplanted (fig. 1), only the tissue normally developing into 

the more central portion of the girdle isincluded. The localized 

rudiments of the more outlying portions of the girdle (supra- 

scapula and the ventral portion of the coracoid) lie beyond the 

limits of the tissue typically included in the limb graft, and con- 

sequently undergo development in situ following excision of 

the transplant. The girdle which develops in the heterotopic 

position is always reduced in size and is qualitatively incomplete. 

There is considerable evidence in many cases, however, to show 

that compensatory hyperplasia from the dorsal and ventral 
portions of the reduced heterotopic girdle takes place as the 

larva matures, so that the final size of the girdle may almost 

equal that of the normal. Such cases will be referred to later. 

No conclusive evidence has been obtained from transplantation 

experiments in Amblystoma to show that the girdle rudiment in 

this form, in spite of its developmental intimacy with the lmb, 

constitutes a totipotent system such as the limb itself is. Braus 

(09, p. 271), however, maintains that in Bombinator the girdle, 

like the limb, constitutes an equipotential restitution system. 
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Because of the mosaic nature of the girdle and the subsequent 

variability in its degree of development in the transplanted 

position, the motility of the attached appendage is markedly 

affected by developmental deficiencies in this structure. 

2. Shoulder muscles 

In a previous description of the shoulder muscles in larval 

Amblystoma (Detwiler, ’20, p. 123) it was pointed out that of the 

thirteen shoulder muscles which typically develop, nine only 

connect the shoulder with the limb. The remaining four serve 

for anchorage of the shoulder and are of myotomic origin. The 

muscles connecting the shoulder with the extremity are of somato- 

pleural origin, as is the limb itself, and their rudiments are local- 

ized in the tissue included in a typical limb dise (fig. 1). Con- 

sequently, when the limb rudiment is transplanted, these muscles 

develop in the heterotopic position (Detwiler, op. cit., pp. 128 

and 136). Their nerve supply is derived from the brachial plexus, 

and although all may be differentiated in the heterotopic position, 

their nerve supply is by no means constant and many cases 

develop in which these muscles receive defective nerve supply 

or are completely lacking in innervation—a condition which 

markedly affects the degree of motility of the transplanted ex- 

tremity. The incompleteness of their development secondarily 

accompanying the smaller area for attachment in the reduced gir- 

dle also serves to limit the extent of movements of the extremity 

on the shoulder. 

8. Brachial plexus 

The brachial plexus is normally derived from the ventral rami 

of the third, fourth, and fifth spinal nerves (fig. 4). The develop- 

mental evidence indicates that, under normal conditions, these 

outgrowing nerves effect connection with the limb rudiment 

when it occupies its maximal extent (anterior border of the 

third myotome to the posterior border of the fifth, as shown in 

figure 1) and that convergence of the nerves and plexus formation 

results secondarily from the concentration of the limb rudiment 
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into the definitive limb bud which centers ventral to the fourth 

myotome. From this it would appear that the number of seg- 

mental nerves entering the plexus would be determined by the 

extent of the limb rudiment at the time when initial connections 

are made. 

It was Firbringer (’79) especially that called attention to the 

fact that the nerve plexus from which a limb is supplied might in 

two cases have a different segmental origin, yet the distribution 

of the limb nerves arising from the plexus might be exactly the 

same in each. Both Firbringer (op. cit.) and Gegenbaur (’98), 
who closely held to the idea that muscle and nerve form an in- 

separable unit, admitted the difficulty of satisfactorily explaining 

such segmental variations. From the results of his own experi- 

ments, Harrison (’07) interpreted segmental differences as due 

to the position and extent of the limb rudiment at the time when 

initial connections of the nerves were made, this serving as an 

index of the number of nerves contributing to the plexus. From 

the identity of intrinsic distribution, regardless of metameric 

origin, Harrison concluded that the mode of segregation and the 

growth of the structures within the limb determine the specific 

intrinsic nervous pattern. 

From previous observations (Detwiler, ’20) and from the results 

obtained in the present experiments, considerable evidence has 

accumulated to show that the position and extent of limb rudi- 

ments lying beyond the confines of the normal position are 

not the only factors in determining the source of origin of the 

nerves contributing to its plexus. This question will be more 

fully considered in the discussion. 

4. The first and second spinal nerves 

A consideration of the normal pathway of the ventral rami of 

the first and second spinal nerves is herewith given, since the 

hypobranchial region is involved in the present experiments. 

The course and terminal connections of the ventral rami of the 

first and second spinal nerves in Amblystoma punctatum are 

found to be very similar to those described by Norris (13) for 
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Siren lacertina, and in general accord with the arrangement 

characteristic of urodeles (Coghill, ’02, ’06; Driiner, ’01, ’03; 

Kallius, 01, and Norris, 713). The ventral rami of the first and 

second spinal nerves, typically, unite to form the hypoglossal 

trunk which supplies the hypobranchial musculature. In 

Amphiuma, however, Norris (’08) described the hypoglossal 

trunk as being derived solely from the ventral ramus of the first 

spinal nerve. A résumé of the arrangement of the hypoglossal 

complex in both anurans and urodeles is given by Black (17). 

In Amblystoma punctatum the first spinal nerve is entirely 

motor. It divides into dorsal and ventral rami. The latter at 

first passes caudolaterally through the dorsal axial musculature 

to the lateral border of the pharynx. Then it curves laterally 

and ventrally around the pharynx, and at a point just caudal to 

where the ramus intestino-accessorius X breaks up into its 

component divisions, it unites with the anterior prolongation of 

the ventral division of the second spinal nerve. The common 

trunk thus formed (hypoglossal), after contributing a branch to 

the ramus intestino-accessorius X, passes anteriorly along the 

dorsolateral border of the ventrolateral musculature beneath 

the pharynx. More anteriorly, it runs slightly lateral to this 

muscle mass and supplies its component segments (m. sterno- 

hyoideus). The distal anterior prolongation of the nerve enters 

the substance of the m. geniohyoideus, in which it travels for a 
considerable distance, giving off branches. The terminal por- 

tion emerges from the m. geniohyoideus and finally breaks up 

in the m. genioglossus. 

The second spinal nerve arises by both dorsal and ventral roots 

and presents a small ganglion. The proximal part of the ventral 

ramus passes posteriorly for a short distance through the longi- 

tudinal trunk musculature, then passes laterally to the dorso- 

mesial border of the ventrolateral musculature. Here it curves 

anteriorly, and after supplying motor fibers to the ventrolateral 

musculature, it unites with the first spinal nerve. According to 

Norris (13), the ventral ramus of the second spinal nerve in 

Siren contributes a branch to the brachial plexus which in this 

form is made up principally from the third and fourth spinal 
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nerves. In Amblystoma punctatum there is normally no com- 

municating branch to the brachial plexus which is formed from 

the ventral divisions of the third, fourth, and fifth spinal 
nerves (fig. 4). 

The above observations concerning the pathways and connec- 

tions of the first and second spinal nerves are based on a study 

of serial transverse sections of larvae ranging in age from fifty to 

seventy days after the closure of the medullary folds. The 

arrangement of these nerves is not exactly the same in all cases 

studied, but the variations are of only minor significance. 

EXPERIMENTAL 

The experiments here carried out consisted in transplanting 

the fore-limb rudiment varying distances anterior to its normal 

position, with the idea of testing whether the limb nerves could 

be induced to change their direction of growth and effect connec- 

tions with the displaced rudiment. Any effort on the part of 

the nerves to make connections with the limb so placed would 

necessitate a reversal of their course as compared with that taken 

by them when innervating limbs placed caudal to the normal 

site (fig. 5). Under such conditions the nerves, in order to reach 
their displaced end organ, would meet with considerable opposi- 

tion, since the differentiating myotomes tend to direct the seg- 

mental nerves in a caudoventral pathway. Normal connections 

made under these conditions would strongly support the idea 

that there exists a greater attractive influence for the nerves in 

the developing end organ than in extrinsic structures. 
The experiments were carried out upon embryos in the tail- 

bud state (fig. 1). The circle ventral to the pronephros (pn) 

indicates the position of the limb rudiment. ‘The slightly raised 

eminence just anterior to the limb rudiment constitutes the gill 

swellings from which develop the three external gills (cf. figs. 

1 and 9). The position of the first and second myotomes with 

respect to the gill swellings is also seen. 
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Series A 

In the first series of experiments (twenty in number) the limb 

bud was excised and reimplanted the distance of two segments 

anterior to the normal position. In preparing the wound for the 

Fig. 1 Drawing of Amblystoma embryo in the tail-bud stage (stage 29). 

The circle ventral to the pronephros (PN) indicates the position of the fore-limb 

rudiment. MY3, third myotome; MY1, first myotome; GS3, third external gill 

swelling. X 10. 
Fig. 2 Drawing of Amblystoma embryo, showing the fore-limb rudiment 

transplanted the distance of two segments anterior to its normal position (cf. 

fig.1). The ectoderm and mesoderm of the third gill swelling was removed prior 

to reimplantation of the limb. MY1, myotome 1; GS/, first gill swelling. X 10. 

Fig. 3. Drawing of Amblystoma embryo following excision of the ectoderm 

and mesoderm of the gill region and the reimplantation of the right fore-limb 

rudiment (LR) into the excavated area. Denuded limb area covered with indif- 

ferent ectoderm. X 10. 

reception of the transplant, an area of ectoderm with the under- 

lying mesoderm ventral to the first and second myotomes was 

excised. ‘This excision involved the tissues normally forming 

the third gill (fig. 2). The excavated limb area was cleaned of 

all free mesoderm cells, but was not covered. The results are 
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given in table 1 A. Four cases of the eleven positive experiments 
yielded normal results. The limb bud, although originally two 
segments anterior to the normal and in the region of the third 
gill, gradually shifted caudally during differentiation and finally 
assumed the orthotopic (normal) position. The third gill, 

although late in making its appearance and at first very much 

smaller than its counterpart, gradually developed to full size. 

In this series of experiments no normal limbs developed in the 

heterotopic position. Those which did permanently occupy the 

TABLE 1 

A. Showing the effects of removing the gill ectoderm and mesoderm from the posterior 
(third) gill swelling (fig. 2) and transplanting a limb into the excavated area, 

B. Showing the results of removing the ectoderm and mesoderm from the entire 

gill swelling (fig. 3) and transplanting a limb into the denuded territory . 
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Bal soo 22 pepe 3 17 1 8 14 3 0 12 10 

1 In all four cases the limb shifted caudally during development and finally 

occupied the orthotopic position. 

The above table does not include one series of forty operations which were 

made upon unsatisfactory material. The serial case numbers, however, have 

been preserved (table 2). 

transplanted position developed into abnormal appendages, of 

which 45 per cent were abortive. These limbs, in their initial 

development, assumed the posture shown in figure 10, but, 

curiously enough, they soon began to take on the typical posture 

of the third gill, which failed to develop (fig. 6), and they never 

fully differentiated into free motile appendages. The first and 

second gills in some cases developed quite normally, whereas in 

others they were incomplete and abnormal in appearance. 

In case 15 (fig. 7) the limb, except for an imperfectly redupli- 

cated hand, was normal and it functionated to a considerable 

extent. The third gill was wanting, although the first and second 
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gills were practically normal in appearance. In case 19 an 

appendage with a reduplicated forearm and hand developed in 
place of the third gill. A complete limb which was normal in 

function regenerated at the original site. The reduplicated 

appendage exhibited only limited movements in the forearm and 

hand. 

In cases in which complete regeneration of the gills did not 

occur, the limb retained its transplanted position. Such rudi- 

ments, although having a normal aspect at the beginning, soon 

took on the typical posture of a developing gill, and in all cases 

distorted and abortive development followed. 

In connection with the question of gill development, Ekman 

(713, 714) has shown that the factors for the outgrowth of the 

external gills in various anuran forms (Rana fusca, Rana esculenta, 
Bombinator, and Hyla) reside entirely in the ectoderm. His 

experimental results have proved that this ectoderm, which 

becomes localized before the closure of the medullary folds 

(stage 1), possesses the properties of self-differentiation. He 

has also shown that this gill-producing faculty resides not only 

in the ectoderm of the immediate gill region, but that prospective 

gill forming potencies extend for a considerable distance beyond 
the limits of the immediate gill region, particularlyin theregion of 

the heart and the pronephros. According to this author, the 

capacity of the outlying ectoderm to regenerate gills is not the 

same in all forms—it being higher, for example in Bombinator 

than in Rana fusca. 

The equipotential properties of the gill ectoderm in 

Amblystoma is secondarily brought out in the present experi- 

ments, particularly in series A (table 1), in which it has been 

shown that after complete extirpation of the tissue of the third 

gill swelling, complete gill formation occurred in more than 50 

per cent of the cases, and that the limb rudiment, in these cases, 

which originally occupied the region of the third external gill, 
underwent a caudal displacement so as to lie eventually posterior 

to the normal gill region. 
The difficulty of making successful limb transplantations was 

likely due to the presence of the inherent gill-producing property 
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of the ectoderm in the general region surrounding the trans- 

planted rudiment. Developmental conflicts arose between the 

gill-forming ectoderm and the limb mesoderm, producing not 

only various distortions in both gills and the limb, but frequently 

resulting in almost complete suppression of the latter. 

Further experiments showed that complete limb differentiation 

in the gill region could not be expected with any certainty unless 

complete suppression of the gills was first accomplished by ex- 

cising much larger areas prior to making the transplantation. 

Several cases were obtained, however, in which normdl limb 
differentiation did take place, even though one or two atrophic 

gills did develop. 

Series B 

In the second series of experiments the ectoderm and mesoderm 

from the entire gill swelling was removed (fig. 3). The trans- 

planted limb rudiment in these cases occupied a position ap- 

proximately the distance of three segments anterior to the normal 

(fig. 3). The excavated limb region in all cases was covered with 

indifferent ectoderm taken from the caudal portion of another 

embryo. The results of these transplantations upon the develop- 

ment of the limbs and the gills are summarized in table 1 B. 

Although the ectoderm and mesoderm from the entire gill swell- 

ing was removed, the tabulation shows that 55 per cent of the 

cases developed abortive and abnormal gills. That these struc- 

tures develop from tissue lying beyond the confines of the immedi- 

ate gill swelling is without doubt, and this observation confirms 

that of Ekmann (op. cit.).. Because of the inherent ability of the 

surrounding ectoderm to produce gills, the percentage of ab- 

normal limbs was high. Even when only one or more abortive 

gills were formed, the ectoderm surrounding the base of the 

developing limb frequently migrated out upon the appendage, 

causing it to become secondarily fused to the side of the body wall 

(fig. 14). Such limbs, although structurally complete and with 

considerable nerve supply, were unable to enjoy freedom of 

movement. 
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All of the operated animals were kept under daily observation 

during the first twenty days. A large number in which the limb 

and the gills showed marked abnormalities were fixed and only 

the more important cases were kept. Serial transverse sections 

were made of eight cases ranging in age from twenty-six to sixty 

days after the operation. The sections were cut 10 » thick and 

stained with Ehrlich’s haematoxylin and erythrosin. 

Fig. 4 Graphic reconstruction of the normal left brachial plexus of Ambly- 

stoma larva AS40.6, preserved sixty-eight days after the operation. X 20. (Det- 

wiler, ’20, fig. 13.) 

Fig. 5 Graphic reconstruction of the right brachial plexus of case AS426, 

showing the segmental nerve supply to the right anterior limb when transplanted 

the distance of four segments posterior to the normal position. 20. (Detwiler, 

20, fig. 10.) 

Description of cases 

Case AA2S,;. This experiment was carried out under the 

conditions described in table 1 A. There was considerable delay 

in the growth of the limb bud. Only the first and second gills 

developed, both of which were rather smaller than normal. At 

fifteen days after the operation the limb rudiment, which oc- 

cupied the position of the third external gill, took on the charac- 
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teristic posture of a developing gill and pointed almost dorsally 

as is seen in figure 6. The limb later changed its orientation and 

developed into an appendage with considerable freedom of 

movement, and which was normal except for a reduplication of 

the digits (fig. 7). 
Examination of sections of the above case showed that the 

glenoid fossa was situated slightly dorsal and approximately the 

Fig.6 Lateral view of case AA2S;; drawn fifteen days after operation, showing 

typical gill posture of the developing appendage (LB) which occupies the position 

of the third external gill (fig. 2). Normal limb posture at approximately same 

stage is seen in figure 23. X 10. 

Fig.7 Dorsal view of case AA2S;; drawn fifty-three days after the operation. 
The transplanted limb occupies the region of the third external gill (fig. 2). 

bas 

distance of two segments anterior to the normal position. The 

shoulder-girdle was well formed. All of the shoulder muscles 

which typically develop in the heterotopic position from a typical 

limb-bud transplantation (Detwiler, ’20, p. 136) were present. 

The m. coracobrachialis longus and the m. coracobrachialis brevis 

were small and abnormal. The remainder of the shoulder mus- 

cles were typical. The musculature of the arm was somewhat 

deficient on the extensor surface. The limb and shoulder mus- 
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cles were supplied by a plexus derived from the ventral rami of 

the second, third, and fourth spinal nerves (fig. 8), the latter 

two of which are normal limb nerves. It is seen that the distal 

portions of the nerves have grown anteriorly to effect connection 

with the heterotopic limb. The typical course of the third and 

fourth nerves is shown in figure 4. The ventral ramus of the 

second spinal nerve, which typically unites with that of the first 

to form the hypoglossal, is contributed almost entirely to the 

brachial plexus. The completeness of peripheral connection with 

the shoulder muscles is given in table 3. 

Fig. 8 Graphic reconstruction of the ventral rami of the second, third, and 

fourth spinal nerves, showing their direction of growth and contribution to the 

limb plexus in case AA2S;;. Arrow A indicates position of transplanted limb; 

arrow B designates approximate level of normal limb. For normal pathways of 

third and fourth spinal (limb) nerves (fig.4).  X 25. 

The ventrolateral musculature in this case is almost entirely 

wanting. The ventral ramus of the first spinal nerve supplies 

the fragmentary m. sternohyoideus, the anterior prolongation of 

which is entirely wanting as is the entire m. geniohyoideus and 

the m. genioglossus. The hyoid cartilage on the operated side 

was also wanting. The deficient development of the m. sterno- 

hyoideus and the complete absence of its derivatives, the m. 

geniohyoideus and m. genioglossus, indicate that the myotomic 

rudiments of these muscles were excised in preparing the wound 
for the reception of the transplant. Lewis (710) has experi- 

mentally shown that the sternohyoid portion of the ventrolateral 

musculature in Amblystoma is derived from the ventral processes 

of the first three myotomes, and that, after extirpation of the 
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first myotome, the anterior portion of this muscle is entirely 

lacking as is its derivative, the m. geniohyoideus. No mention 

was made of the genesis of the m. hyoglossus, but from the 

present experiments, the evidence suggests that this muscle 

also arises from the anterior segment of the m. sternohyoideus, 

for when the anterior segments of this muscle are lacking, the 

m. hyoglossus is also absent. 
The ventral portion of the first myotome in Amblystoma is 

in intimate relation to the gill mass (fig. 1). The deficiencies 

Ee 0 EG! 

Fig.9 Left lateral aspect of case AA2S»: drawn seven days after the operation. 

~ 10. 
Fig. 10 Right lateral aspect of case AA2S», drawn seven days after the opera- 

tion. The limb bud occupies the region of the second and third external gills. 

The first gill (HG1) is considerably smaller than the normal (fig.9). > 10. 

in the hypobranchial musculature on the operated side indicate 

that in preparing the wound for the limb rudiment, the ventral 

portion of the first myotome, as well as a portion of the second, 

was excised. 
Case AA28,,. In this experiment, the ectoderm and mesoderm 

of the entire gill region were excised and the limb rudiment was 

transplanted into the excavated area, as seen under conditions 

indicated in figure 3. The denuded limb area was covered with 

indifferent ectoderm. Seven days after the operation the ap- 

pearance of an external gill was seen between the heterotopic 

limb bud and the balancer (fig. 10, ef. fig. 9). At fourteen days 
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the developing limb bud had rotated dorsally under the influence 

of ectoderm dorsal to the limb, simulating a condition shown in 

figure 6. It later assumed typical orientation and developed 

into an appendage which, although somewhat small, was ex- 

ternally normal in appearance (fig. 11). During later develop- 

ment, the limb gradually shifted caudally so that its final position 

was scarcely the distance of two segments anterior to the ortho- 

topic position. Movements of the limb on the shoulder were 

quite defective, owing to incomplete muscular differentiation 

and imperfect innervation (table 3). The musculature of the 

Fig.11 Ventral aspect of case AA2S.; drawn forty-eight days after the opera- 

tion. Only one small external gill has developed, and the limb, which earlier 

occupied the region of the second and third external gills (figs. 9 and 10) has 

migrated caudally to its final position. & 5. 

limb itself was well differentiated and received innervation from 

two nerve trunks (fig. 12), one on the flexor surface and the other 

on the extensor surface. The shoulder-girdle was typical in 

shape, although the ventral zone was much shorter than normal, 

with a correspondingly curtailed development of the coraco- 

brachial and the pectoral muscles. The limb and shoulder were 

innervated by the ventral divisions of the second and third spinal 

nerves (fig. 12). The distal portion of the latter, which contrib- 

uted the main bulk of the nerve supply to the limb and the 

shoulder had elongated a considerable distance anteriorly. The 

ventral ramus of the second spinal nerve passed at first caudally 
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through the dorsal trunk musculature and then almost directly 

laterally. Before uniting with the third nerve it supplied several 

branches to the abdominohyoideus musculature. No union was 

found between the ventral rami of the first and second nerves. 

The former was found to pass somewhat caudally, then laterally, 

terminating in the posterior segments of the m. sternohyoideus. 

13 

Fig. 12 Graphic reconstruction of the segmental nerve contribution to trans- 

planted limb in case AA2S», (fig. 11). xX 25. Arrow designates level of trans- 
planted limb. 

Fig. 13 Graphic reconstruction of the segmental nerve supply to trans- 

planted limb in case AA2S.,. Limb, transplanted into the gill region (fig. 2), 

has migrated caudally during development, finally occupying a position approxi- 

mately one segment anterior to the normal position. 25. Arrow A indicates 

position of transplanted limb; arrow B designates normal limb level. 

A typical anterior prolongation of the hypoglossal nerve was 

lacking in this case, as were also the anterior segments of the 

m. sternohyoideus and their derivatives (m. geniohyoideus and 
m. genioglossus). 

Case AAIS.,. Although in this experiment the limb rudiment 

was transplanted into the gill region, as is indicated in figure 3, 

its final position was only one segment anterior to the normal, 
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and it is hence classified under series AAIS (table 2). Owing to 

the early caudal migration of the rudiment in this case, develop- 

ment proceeded normally. Although the limb occupied a posi- 

TABLE 2 

Showing the segmental nerve contribution to the right fore limb when transplanted. 

A. One to three segments anterior to the normal position (series AA1S, AA2S). 

B. One to five segments caudal to the normal position (series AS1, AS2, etc.) 

POSITION OF LIMB SEGMENTAL NERVE CONTRIBUTION 

Number of|Number of 
SIRS eAnue segments | segments 

anterior to | caudal to 1 2 3 4 5 6 7 8 | 9 
normal normal 
position position 

INormailzeneey: 1 3/415 

fle 43 1 3/415 
(NAN Sieh ae o4 1 ae 

ie 15 2, Peay || 2 

21 2, PAN BS || Ze 

BOS. Wet | Oh 2/3 |4 
73 2 Dita |) 

78 23-3 Je 

AVS Teepe iy ak 12) 1 3] 45 

5 2 Sy | SS 
2 ee is : ae 

: 9 3 415/16 WSS odo ees & 5 Alcea 

B 

12 3 Ab ly} CoN |Z 

ASA Ste stele 24 4 Ny Xa) || @ 

30 4 WG || 7 

25 5 Dil On| edie mena DO 

NSD es ae 27 . 5 Gales 9 

30 5 (ie | NS 
| | 

1 The figures in ‘B’ are taken from a previously published table (Detwiler, ’20). 

tion caudal to the gill region, gill formation was almost entirely 

suppressed, and only one small external gill developed, which, 

from its position, was taken to be the first. 
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Movements of the limb were practically normal. The shoulder 

and limb muscles were completely differentiated and were well 

supplied by nerve fibers from the ventral rami of the second, 

third, and fourth spinal nerves (fig. 13). From this figure it is 
seen that although the course of the proximal portions of the 

nerves is very similar to that of the normal limb nerves (fig. 4), 

their distal portions are continued anteriorly for some distance 

to the heterotopic limb. The ventral ramus of the second nerve 

had no connection with that of the first and passed directly to 
the brachial plexus. The ventral ramus of the first nerve was 

distributed to the fragmentary m. sternohyoideus, the anterior 

portion of which was wanting, as were also the m. geniohyoideus 
and the m. hyoglossus. 

In comparing the muscular differentiation and innervation of 

this case with that of former and subsequent cases (table 3) in 

which the limb developed in the region of the gills, it is seen that 

the immediate organic environment of the limb distinctly favors 

more normal development. Cases in which the transplanted rudi- 

ment remained in the gill region and there underwent differentia- 

tion showed considerable deficiencies in the development of the 
shoulder muscles as well as defective peripheral nerve connec- 

tions (cases AA2Si;, 21, 25, etc., table 3). The large percentage 

of defective limbs is likewise shown in table 1 B. The above 

shows that even though the limb constitutes an equipotential, 

self-differentiating system, the character of its development is 

markedly affected by developmental potencies of the region into 

which it is transplanted. Although the transplanted limb rudi- 

ment possesses complete intrinsic potentialities to develop into 

a normal appendage, it is clearly evident in these cases that the 

high percentage of abnormalities in the gill region is due to an 

inhibitory influence resulting from the more potent inherent 

gill-producing properties of the tissues in the immediate organic 

environment of the gills which offer a very unfavorable environ- 

ment for normal limb differentiation. The abnormalities on the 

part of both gills and limb clearly show developmental conflicts 

between the two systems. 
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The general results of these experiments indicate that when the 

major portion of the gill tissue is removed and replaced by an 

entire limb rudiment, the remaining unremoved portion of the 

gill tissue, being in its normal organic environment, possesses a 

relatively greater potency to produce normal gills than does the 

entire limb system to produce a normal appendage—the latter 

being in the heterotopic position. When a limb is transplanted 

into a more passive region of the embryo such as that caudal to 

its normal position, practically normal differentiation results. 

For example, limbs reimplanted the distance of three body seg- 

ments caudal to the normal location yielded 75 per cent normali- 

ties (Detwiler, ’20). When transplanted the same distance 

anterior to the normal site, into the active self-differentiating 

gill region, less than 15 per cent of the cases developed normally 

(table 1). 

Case AA28,;. In this experiment (fig. 14) the initial develop- 
ment of the limb was normal. Only one rudimentary gill de- 

veloped, but the ectoderm in the vicinity of the base of the limb 

wandered out over its flexor surface forming a permanent ridge 

(figs. 14 and 15). The caudal border of the proximal portion 

of the limb was also fused with the ectoderm of the gill, which 

greatly restricted its motility. Function of the forearm and hand 
were practically normal. | 

Serial transverse sections showed that the glenoid cavity was 

approximately two and one-half segments anterior to the nor- 

mal position. The shoulder-girdle was abnormal. Its coracoid 

portion was continuous with the fragmentary coracoid which 

developed in the orthotopic position from unremoved portions 

of its rudiment. The suprascapular portion was short and quite 

thick. 
The shoulder muscles were poorly developed and were some- 

what defective in nerve supply (table 3), which was derived from 

the ventral rami of the second, third, and fourth spinal nerves 

(fig. 16). Although there was an abundant nerve supply from 

the cord, a survey of the sections shows clearly that the incom- 

pleteness of function in this case is due to the abnormal develop- 

ment of the shoulder-girdle, deficiency of its corresponding mus- 

culature, and the fusion of its proximal portion with the gill. 
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The anterior elongation of the distal portions of the limb nerves 

is seen in figure 16. It is interesting to note that the fourth 

nerve did not unite with the third until the periphery had been 

reached by an extended anterolateral growth. The ventral 

ramus’ of the second spinal nerve showed no connection with 

rh 
ene 2s) MGORBR LG 

6: 

14 15 

Fig. 14 Ventral view of case AA28,;. Limb transplanted into the gill region 

as indicated in figure 3. Final position of limb, two and one-half body segments 

anterior to normal level. Animal preserved fifty-one days after the operation. 

x os 
Fig. 15 Transverse section of right brachium of case AA2S:5, at the level 

A-A, figure 14, showing fusion of abnormal gill with radial side of the appendage. 

< 58. No vascular elements have developed in the anomalous gill. H, humerus; 

M TR BR, m. triceps brachii; M COR BR LG., m. coracobrachialis longus; MB BR, 

m. biceps brachii; PNT, flexor nerve trunk; ENT, extensor nerve trunk; EG, 

ectoderm of gill. 

that of the first, and its entire trunk was contributed to the plexus. 

The hypoglossal nerve was formed solely of the first spinal nerve 

which, after supplying branches to the somewhat reduced m. 
sterrtohyoideus, continued anteriorly to end in the m. genio- 

hyoideus and the m. hyoglossus. 
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Case AA2S,;. In this experiment, which was carried out under 

conditions indicated in table 1 B, the development of external 

gills was completely suppressed and two limbs of the same 

laterality developed in the heterotopic position (fig. 17). From 

external observations on the developing larva it was impossible 

to determine whether both members of the double limb developed 

16 17 
Fig. 16 Graphic reconstruction of segmental nerve supply to transplanted 

right anterior limb in case AA2S8,; (fig. 14). Limb occupies a position approxi- 

mately two and one-half segments anterior to the normal. Arrow A indicates 

level of transplanted limb; arrow B designates normal limb level. X 25. 

Fig. 17 Dorsal view of case AA2S;73, showing absence of gills and presence of 

two limbs of same laterality developed from anomalous reduplication of the 
transplanted rudiment. Experiment carried out under conditions indicated in 

table 1B Gig. 3). xX 5. 

from the transplant or whether the caudal member developed 

from an unremoved portion of the original rudiment. The limb 

bud which developed into the anterior appendage was the first to 

appear. This was soon followed by a second bud which de- 

veloped into the caudal member. The fact that the final posi- 
tion of the latter was approximately two segments anterior to the 

normal position suggested that it developed from the transplanted 

rudiment. Moreover, examinations of sections showed that its 
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shoulder-girdle was developed anterior to the isolated distal 

portions of the intact suprascapula and coracoid, which always 

develop in situ after a typical limb-bud excision. Further, 

the fact that the anterior member lacked a girdle, except for 

a very fragmentary coracoid, also indicated that the well- 

developed girdle of the caudal member was developed from the 

girdle rudiment included in the transplant. 

Previous limb experiments on Amblystoma have shown that 

when supernumerary limbs develop from a single transplant 

under conditions of normal orientation with respect to the sur- 

rounding tissue, the one is always the mirror image of the other 

(Harrison, 717, ’21; Detwiler, ’18), i.e., a disharmonic appendage. 

In the light of these results, the anomalous reduplication in the 

present experiment, if resulting from a single transplant as the 

evidence favors, is an unusual phenomenon. Harrison (’21), 

however, describes several cases with anomalous double-limb 

formation, both of the same laterality, resulting from a composite 

rudiment in the orthotopic position. The two limbs in these 

cases are shown in Harrison’s paper (l.c.), 79, figs. 131 and 132. 
The combinations producing them are shown on page 70 of his 

paper (combinations 10 and 11). 
In the case under consideration, the development of a well- 

formed branchial bar between the bases of the two limbs might 

have effected cleavage of the original transplanted rudiment, 

resulting thereby in the development of the two limbs. It has 
been shown by Harrison (718) that, under normal conditions, 

splitting the limb bud by a vertical or horizontal incision never 

produces reduplication. There is no apparent reason, however 

why two portions of a transplanted limb rudiment, if permanently 

separated, should not develop into two limbs of the same lateral- 

ity. Such a result is normally produced when a portion of the 
rudiment is transplanted: one limb will develop at the original 

site and the other at the heterotopic position. 

In the present case the anterior limb developed in the posterior 

- region of the otic capsule. The shoulder-girdle consisted of only 

a fragmentary coracoid. This was fused dorsally with the 

cartilaginous capsule of the ear, which, together with the small 
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coracoid, was molded into a typical shoulder-joint (fig. 30). 

This figure represents a transverse section at the level A—A in 

figure 17. A muscle mass connected the coracoid with the hu- 
merus, but theindividuality of themuscles could not bedetermined. 
The extensor musculature of the limb was well developed and 

supplied by a small nerve trunk. The flexor musculature was 

sparse, but functional. A nerve trunk of considerable size was 
also found on this surface of the appendage. Considerable 

Fig. 18 Graphic reconstruction of the segmental nerve supply to the anterior 

and posterior members of anomalous limb reduplication in case AA2S73. X 25. 

Arrow A indicates position of anterior member; arrow B of posterior member; 

arrow C designates normal limb level. 

movements in the forearm and hand were observed. The nerve 

contribution to this appendage was derived from the main por- 

tion of the ventral ramus of the second spinal nerve, which had 

elongated anteriorly a remarkable distance to effect this connec- 

tion (fig. 18). The base of the caudal limb was situated ap- 

proximately the distance of two body segments anterior to the 

normal position. The shoulder-girdle was well formed (fig. 31). 

Its extreme dorsal portion (suprascapula) was connected with 

the fragmentary coracoid of the anterior limb by means of a bar 

of cartilage which was taken to be a modified branchial bar 
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(fig. 31). The shoulder muscles were typically developed and 

were supplied by nerves (table 3). The muscles within the limb 

were normally differentiated and were supplied with nerves of 

typical intrinsic distribution. The segmental nerve supply to 

this limb comprised the ventral rami of the second, third, and 
fourth nerves (fig. 18). The greater part of the nerve supply 

was derived from the latter two, although a good-sized branch 

from the second contributed to the plexus. The second nerve, 
in addition to supplying the anterior limb and a contributing 

Fig. 19 Dorsal view of case AA2S7s, showing absence of gills and the position 

of limb developed from rudiment transplanted into gill region (fig. 3). Animal 

preserved fifty-nine days after the operation. X 5. 

trunk to the posterior appendage, supplied fibers to the m. 

abdominohyoideus. No communication with the first spinal 

nerve could be found. In this case the hypoglossal trunk was 

formed solely from the latter, which exhibited a normal course 

along the dorsolateral border of the m. sternohyoideus in which 

it finally terminated. The m. geniohyoideus and the m. hyo- 

glossus were absent on the operated side. 

Case AA2S;;. In this experiment (tables 1 B and 2 A), gill 

development was also entirely suppressed and the transplanted 

rudiment developed into a normal appendage (fig. 19). Its 
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location was somewhat dorsal and approximately the distance 

of two and one-half segments anterior to the normal site. Ex- 

amination of sections revealed a well-developed shoulder-girdle. 

The shoulder muscles were normally present, but within complete 
nerve supply (table 3), which placed considerable restrictions on 

the shoulder movements. The muscles of the limb were typically 
developed. Only one nerve trunk entered the limb, however, 

and this was situated on the flexor surface. The extensor paraly- 

sis which this limb showed and the absence of an extensor nerve 

trunk have been observed in a considerable number of trans- 

Ue 

Fig. 20 Graphic reconstruction of segmental nerves supplying transplanted 

right anterior limb in case AA2S7s (fig. 19). X 25. Arrow indicates position of 

limb and level of section shown in figure 32. j 

planted limbs. The reasons for this specific deficiency in the 

presence of muscular differentiation are not yet clear. 

The nerve supply to the shoulder and limb was derived from 

the ventral rami of the first, second, and third spinal nerves. 

The pathway of these nerves in their contribution to the limb 

plexus is seen in figure 20. The entire ventral rami of the first 

and second spinal nerve were contributed to the brachial plexus. 

The ventrolateral musculature, which was sparse in this case, 

lacked innervation. A small m. sternohyoideus was present, 

but the m. geniohyoideus and the m. hyoglossus were entirely 

lacking. Figure 32 shows the internal configuration of a trans- 

verse section at the level A—A, figure 19. The ventral ramus 
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of the first spinal nerve is seen in cross-section. The distal 

nerve trunk in the vicinity of the limb region is indicated by 

the line a—a in figure 20. This nerve trunk represents a fusion 

of the distal portions of the ventral rami of the first, second, 

and third spinal nerves, all of which have grown considerable 

distances anteriorly to reach the transplanted limb. 

Two cases in which normal limbs developed, but which have 

not been sectioned, are shown in figures 21 and 22. In case 

2] 22 

Fig. 21 Dorsal view of case AA2S;0, showing presence of normal functionless 

limb, developed from rudiment transplanted into gill region (fig. 2). Animal 

preserved forty-four days after the operation. X 5. 

Fig. 22 Dorsal view of case AA2S;2, showing transplanted and regenerated 

limbs. The base of the former is fused with a strip of gill ectoderm which has 

grown out along its radial border. Incomplete reduplication of the hand is seen 

in the regenerated appendage. Animal preserved forty-four days after the 

operation. x 5. 

AA28;0 (fig. 21) the limb, although normal in appearance, was 

practically devoid of function. One small gill developed which 

was situated farther ventral than normal. In case AA28;. 

(fig. 22) the transplanted limb was quite normal in appearance. 

A fold of ectoderm extended out over its base and was fused 

along the radial side, thus binding the limb close to the side of 

the body. Just posterior to the transplanted limb there re- 

generated another limb with reduplication of the hand. Gill 

development was entirely suppressed. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 2 
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Histories of characteristic anomalous cases 

Inasmuch as quite a large percentage of the experiments 

resulted in gill and limb abnormalities of similar character, the 

record of only a few such typical cases are appended. 

Case AA2S8o7 (figs. 23 and 24). March 3, 1920. Operation. Rt. 
limb transplanted into gill region. Conditions as described in table 1 B. 
Wound covered. 

Fig. 23 Drawing of left lateral aspect of case AA2S27. Animal preserved 

twenty days after the operation. X 10. 
Fig. 24 Drawing of right lateral aspect of case AA2Se7 (ef. fig. 23). The 

abnormal limb (L) has developed from rudiment transplanted into the gill region 

(fig. 2). A club-shaped external gill (@) has developed dorsal to the appendage 

and has fused with its lateral side. Proximal portion of arm is fused to gill 

ectoderm and points dorsocaudally. Two small gills are seen ventral to the 

limb. X 10. 

March 29. Completely healed. 
April 2. Transplanted limb bud points caudally, as in figure 10. 
April 7. Two small gills developing ventral and slightly anterior to 

limb rudiment. 
April 12. Limb points dorsally and is closely applied to the ecto- 

derm of the gill region, as in figure 6. 
April 16. Distal portion of the limb has rotated laterally and is 

directed caudally. A flange of ectoderm dorsal to the limb has extended 
out along the dorsal border of the arm. Two abortive gills situated 
ventral to the limb. - 
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April 18. Proximal portion of the limb fused to the body wall. 

Distal portion is free and points caudally. The ectoderm dorsal to the 

limb has developed into an abortive gill which is fused to the lateral 

side of the arm (fig. 24). 
Case AA2Sz;. April 3, 1920. Operation. Conditions of experiment 

as in AA2S,;. Wound covered. 
April 8. Limb bud developing with normal orientation. 

April 12. Developing limb bud points dorsally and is fused to the 

side of the body. Gill ectoderm extends out along the dorsum of the 

Pen 
Fig. 25 Drawing of left lateral aspect of case AA2Ss,. Animal preserved 

eighteen days after the operation. X 10. 
Fig. 26 Drawing of right lateral aspect of case AA2Ss4 (fig. 25). Anterior 

limb transplanted into the gill region as described in table 1 B. The limb (6) 

is abortive and is fused dorsally with an extension of the gill ectoderm which 
has migrated out over the extremity. A small atrophic gill has developed ventral 

to the limb.  X 10. 

free distal portion.” One small gill developing anterior and ventral to 
the limb. 

April 18. Gill ectoderm has completely fused along the dorsum of the 
limb. Limb very abnormal and reduced to a club-shaped appendage. 
Small atrophic gill ventral to the limb. 

April 22. Animal preserved (fig. 26, ef. fig. 25). 
Case AA2S;;. April 3. Operation. Experimental conditions as in 

case AA2S.7. Wound covered. 
April 4. Completely healed. 
April 9. Limb bud developing with normal orientation. 
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April 12. Two small gills developing anterior to limb. Limb abor- 
tive and is rotated dorsally. 

April 20. Posterior (second) gill fused along anterior border of 
atrophic limb. First gill very small. 

April 29. Animal preserved (fig. 27). 
Section of the above case shows the presence of several abortive and 

abnormally developed branchial bars. There is a small limb girdle, 
the glenoid cavity of which is deeply situated. Only the distal portion 
of the arm is free from the body. The appendage lacks muscular 
differentiation. The ectoderm of the fused external gill (fig. 27) is 

Fig. 27 Dorsal view of case AA2S;5. Right anterior limb transplanted into 
gill region as under conditions described in table 1 B. The limb (LZ) is abortive. 

Two abortive gills are seen anterior to the limb. The second (£G@2) is fused along 

the radial border of the limb. Animal preserved twenty-six days after the 

operation. X 10. 

continuous with that covering the extremity. No vascular elements 
are differentiated. 

Case AA2Sgs. April 4, 1920. Operation. Experimental conditions 
as in case AA28o7. 

April 5. Completely healed. 
April 10. Limb bud developing with normal orientation. No 

evidence of developing gills. 
April 15. Limb points dorsally and the proximal part is fused to 

side of body wall. Gill ectoderm fuses along dorsum of the limb. Very 
small, abortive gills developing ventral to the typical gill region. 

April 20. Distal portion of limb club-shaped. Digits fail to develop. 
Gill ectoderm is connected with limb along its dorsomesial border. 
Small spur developed on lateral border of arm. 
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April 25. Animal preserved (fig. 29, cf. fig. 28). Very abnormal, 
functionless limb which is fused dorsally with an extension of gill ecto- 
derm. Three abortive gills situated ventral to the gill shelf. 

The gill-producing potentiality of the outlying ectoderm is well 

illustrated in the above cases. In all of these experiments the 

entire ectodermal and mesodermal tissues of the gill swellings 
were removed prior to implantation of limb, yet one or more gills 

MN — 

28 

cas) EG 

Fig. 28 Drawing of left lateral aspect of case AA2S¢,. Animal preserved 

thirty-six days after operation. X 7. 

Fig. 29 Drawing of right lateral aspect of case AA2Ses (fig. 28). Fore-limb 
rudiment transplanted into gill region as described in table 1 B. Gill ectoderm 

dorsal to abortive limb (Z) has migrated out on the limb and is fused along its 

dorsomesial surface. Three very small external gills (HG) have p sevelaned out of 

the tissue ventral to the normal gill region. X 7. 

developed in all four cases. From the results of these cases, as 

well as from others not reported, the evidence indicates that the 

ectoderm lying ventral to the typical gill region possesses a rela- 

tively stronger gill-forming capacity than does that lying an- 

terior and dorsal. In the majority of cases the gills developed 

ventral to the gill region in approximation to the general heart 

area as illustrated in figures 24, 26, and 29. This observation 

supports the results obtained by Ekman (713), p. 578, vide 

supra, p. 125). 
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Typical gills failed to develop from the tissues lying dorsal to 

the implanted limb rudiment, the ectoderm migrating out on the 

dorsomesial surface of the developing appendage. It was in these 

cases that the free appendage took on the posture of a developing 

gill (fig. 6). In some cases the limb regained its normal posture 

by a subsequent ventral rotation, but in the majority of the 

experiments it underwent abortive development and perma- 

nently assumed the pose of a typical external gill (figs. 26 and 

29). 
That the outgrowth factors for the gills reside not only in the 

ectoderm of the immediate gill region, but extend with diminishing 

degree of intensity into the surrounding ectoderm, is evident from 

these experiments. 

The relative gill-producing power of the ectoderm covering 

specific contiguous outlying regions (e.g., heart, pronephros, etc.) 

could not be tested in the present work, but it is hoped that this 

question may form the basis for a future investigation. 

Résumé of experiments 

Viewing the experiments as a whole, we see that the limbs, 

although transplanted from one to three segments anterior to 

the normal position, received in most cases two or more nerves 

from the original limb level of the cord (table 2). Although the 

proximal portion of these nerves is seen to assume a normal course, 

their distal portions have grown in an anterior direction, in spite 

of mechanical opposition, and have effected functional con- 

nection with the transplanted appendage (fig. 16, cf. fig. 4). 

The general function of these limbs was found to be less perfect 

than in limbs ,transplanted equivalent distances caudal to the 
normal position (Detwiler, ’20, table 1), which also received several 

nerves from the original limb level of the cord (table 2). 
The more incomplete function of the limbs transplanted into 

the gill region, as compared with that of limbs transplanted the 
same distance caudal to the normal site, appears to be due to 

greater structural deficiencies in the girdle and shoulder muscles 
and to less complete peripheral innervation. The defective 
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shoulder musculature and imperfect innervation as is seen in 

table 3 is due no doubt to the active gill-forming properties of 

the surrounding ectoderm, which in most cases either inhibited 

the formation of the limb or exerted disturbing influences upon 

its differentiation. The latter was manifest by considerable 

torsion in the developing appendage and a high percentage 

of abnormalities (table 1). 

Examination of sections showed that even when the limb was 

structurally complete, the shoulder, in many cases, was quite 

distorted. The resultant abnormalities were found to be greater 

in the musculature than in the girdle itself, which was quite 
extensively developed in some cases. 

Lack of freedom in the motility of the limbs was also due in 

part to the inhibitory influence exerted by the gill ectoderm which 

frequently extended out over the proximal portion of the arm 

(case AA2S,;, fig. 14). The arm in such cases was not only 

fused to the side of the body, but the shoulder-joint was deeply 

situated beneath the surface, thus mechanically preventing 

freedom in its movements. 

DISCUSSION 

From the results of the foregoing experiments, in addition to 

those previously obtained (Detwiler, ’20), evidence has accumu- 

lated which strongly indicates that there exists between the limb 

and its normal nerves a developmental relationship which is 

more intimate in character than any developmental association 

between these same nerves and other structures. This is sug- 

gested by the apparent tendency on the part of the limb nerves 

to effect functional connection with their proper end organ (limb) 

when the latter is shifted a given number of segments posterior 

or anterior to the normal site (table 2 and figs. 5, 8, 16, and 18). 

All the previous observational evidence tended to support the 

idea that the number of segmental nerves contributing to the 

normal limb plexus is governed by the position and extent of the 

limb rudiment at the time when it occupied its maximal extent 

in the embryo, and that plexus formation itself results from 
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concentration of the rudiment into the definitive limb bud. This 

is well illustrated in Amblystoma. The original limb rudiment 

which extends from the anterior border of the third somite 

to the posterior border of the fifth becomes innervated by the 

third, fourth, and fifth segmental nerves. Assuming that these 

nerves reach the rudiment when it occupies its maximal extent, 

as they very likely do, their convergence into a plexus (fig. 4) 

‘would mechanically result from the concentration of the rudi- 

ment into the definitive limb bud which centers ventral to the 
fourth myotome. 

In discussing the question of variations in the segmental nerve 

supply to the limb plexus, Harrison (’10) explained such modifica- 

tions as due specifically to variations in the position and extent 

of the limb rudiment, these variations are assumed to occur 

frequently in nature. Harrison’s interpretation of this condition 

was justly made as a result of his own limb experiments in which 

he found that transplanted limbs received their nerve supply 

from segments of the cord corresponding in position to that 

occupied by the transplanted rudiment. It must be borne in 

mind, however, that in his experiments, all of which were carried 

out on anuran forms, the nerve paths were in part or totally laid 

down at the period when the rudiment was transplanted. In 

preparing the wound for the reception of the transplant, the pe- 

ripheral ends of the nerves were severed and the rudiment placed 

in the direct pathway of the cut ends. Furthermore in these 

experiments, the normal limb rudiments were left intact in all 

cases, and the transplanted limb was developed from an additional 
rudiment taken from another embryo. Under the conditions 

of his own experiments, therefore, it was impossible to test the 

effects of variations in the position of the limb upon the growth 
of its normal nerves, since these nerves were already in connec- 
tion with their normal intact appendages at the time of 

the operation. 
If the position and extent of the limb rudiment alone deter- 

mined the source and number of spinal nerves contributing to 

its plexus, we should expect that the rudiment, when -trans- 
planted several segments caudal or anterior to its normal position, 
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would effect a corresponding shift in its segmental nerve supply. 
Its failure to do so in these and previous experiments on 

Amblystoma (table 2) has suggested that other factors must be 

considered in any attempt to interpret the character of innerva- 

tion which these cases presented. 

The fact that the limb nerves made functional connection 

with their proper end organ when the latter was transplanted 

four and five segments caudal to the normal site, scarcely seemed — 

explainable on purely mechanical grounds. These nerves did 

not terminate at the limbless area as they do upon simple ex- 

tirpation of the limb, but they continued their growth caudally 

until the heterotopic limb was reached and connections were 

made. The caudoventral elongation of the myotomes_ un- 

doubtedly acts as a mechanical factor in directing the nerves 

caudally towards the transplanted limb. Such a mechanical 
influence would not explain why the nerves, being so directed, 

should make functional connection with the limb after they do 

reach it any more than mechanical agencies can determine proper 

selective peripheral connections under normal conditions of 

development. 

It has been shown in previous experiments (Detwiler, ’20, ’21) 

that when a limb rudiment is excised, there are, in early stages 
of development, as many motor axones passing out to the-limb- 
less area as there are on the opposite (normal) side. These ob- 

servations, by the way, strongly contradict those of Shorey (’09), 
who claimed that no motor axones developed in the absence of 

the functional end organ. In the absence of the major portion 

of their terminal musculature (limb and shoulder muscles), the 

unsupplied fibers in such cases terminated in the general limb- 
less area. However, when the limb was reimplanted further 

caudally a given number of body segments, the nerves, which in 

these cases had as many motor axones as are present after simple 

extirpation of the limb, did not terminate in the limbless area, 

but continued their growth and effected functional connection 
with the heterotopic appendage. This observation alone strongly 

indicated that the extended caudal growth of the nerves in the 

latter case is not governed solely by the mechanical effects result- 
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ing from the caudoventral elongating myotomes; otherwise, 

upon simple extirpation of the limb, the same mechanical 
influences should be expected to cause the limb nerves to follow 

a similar pathway. 

The intimate developmental relationship between the limb 

and its normal nerves, as suggested in these experiments, has 

been more strongly brought out in the experiments in which the 

limb was transplanted anterior to its normal position. The limb 

nerves in these cases, in effecting connection with the appendage, 

have had to do so under the mechanical opposition resulting 

from the caudoventral growth of the myotomes which tends to 

direct their growth in a caudal direction. That the nerves in 

these experiments actually were so directed in their initial out- 

growth is seen from the direction of their proximal portions 

(figs. 8, 18, 16, and 18). The limbs in these cases, although 

occupying a position from only one to two and a half segments 

anterior to the normal site, in many cases (table 1 and fig. 3) 

were originally reimplanted the distance of three segments 

anterior to the normal site, so that the relative distance between 

the transplanted limb and the normal limb nerves was greater 

at the time when initial connections were made than is indicated 

by the final position of the limb, the latter having migrated 
caudally during development. 

From the examination of figure 3 it is seen that the caudal limit 

of the transplanted rudiment in series B (table 1) extends only 

to the anterior level of the second myotome. Under the mechani- 

cal influence of the elongating myotomes which direct the nerves 

caudally, we should hardly expect that the third and fourth 

nerves would change their initial direction of growth to an an- 

terior course unless there exists in the latter some attractive 

influence which is responsible for the reversed course of their 

distal portions (fig. 16). 

The orderliness of peripheral growth and terminal connections 

in normal development offers strong evidence in favor of the 

presence of some specific reaction between each kind of nerve 

fiber and the particular structure to be innervated. In dis- 

cussing the question of peripheral connections, particularly with 
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reference to selectivity on the part of the sensory and motor 

fibers, Harrison (’10) suggested an analogy to the union of the 

sperm and the ovum. Assuming a cell to be in a condition of 

ripeness, an intimate contact with the nerve fiber would take 

place and thus terminate the susceptibility of the cell to further 

innervation, so that other nerve fibers, growing in the same path, 

would pass along to other cells. 

If tropisms do underlie the establishment of the connections 

between nerve fiber and peripheral cell, there appears to be no 

reason why such forces should not account for the connections 

between nerves from a specific region of the central nervous 

system and a given peripheral system. If such could be shown 

to be the case, as later experiments may, the unusual character 

of the nerve plexuses of transplanted limbs in these experiments 
would meet a ready explanation—particularly those limbs trans- 

planted anterior to the normal situation where connections from 

the original limb level can only be assumed to take place under 

the influence of forces stronger than the mechanical opposition 

which they meet in making their connections. 

The tendency on the part of the limb nerves to innervate the 
displaced limb rudiment is not to be interpreted as a definite 

specificity between these nerves and their normal muscles, for, 

in these experiments entire brachial plexuses have been built 

up from nerves which normally supply the abdominal mus- 

culature (Detwiler, ’20, series AS5 and AS6). They do suggest, 

however, that there is a ‘preference’ on the part of the limb 
nerves for their normal terminal musculature, otherwise any 

group of spinal nerves into whose territory a limb is transplanted 

should effect innervation. That there may be in development 

such a ‘preference’ on the part of a group of end cells of the same 

character (chemical constitution?) for given nerve fibers is sug- 

gested in experimental observations on nerve transplantation, in 

which it has been shown that no nerve can be made to effect 

functional connection with a muscle unless the normal nervous 

connection is at first broken (Elsberg, 718). Such a preference 

as exists here is seen to be different from rigid specificity, since 

the extraneous nerve can accomplish the same result as the normal 
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nerve, provided the latter be isolated. The susceptibility of 

muscle to additional motor innervation is undoubtedly ter- 
minated when its initial motor connection is established in 

development. Such stabilization, however, does not perma- 

nently preclude the possibility of a muscle’s being functionally 

innervated by other nerves. 

The experiments under consideration in this paper offer no 

explanation of the nature or character of the stimuli which bring 
about the proper peripheral connections in the embryo. They 

do suggest more strongly, perhaps, than have previous observa- 

tions, the possibility that there does exist in the embryo pref- 
erential selectivity at the periphery, possibly of a chemotactic 

nature, which may largely account for the constancy of connec- 

tions. Kappers (717) has offered a rational electrochemical 

theory in explanation of the dynamic polarization of the neurone 

and of the selectivity within the central nervous system, and it 

is possible that peripheral selectivity may be determined in a 

similar manner. 

The initial outgrowth of the peripheral nerve in a straight line 

and at right angles to the central nervous system as was first 

observed by His (’88) falls in line with the stimulogenous fibrilla- 

tion concept of Bok (’15) and meets an explanation on galvano- 

tactic grounds as presented by Kappers (op. cit.). That the 

nerve fibers in the embryo have only very short distances to 
grow before connecting with their proper end organs was brought 
out by Harrison (10). Thus the principal nerve paths which 

grow out from the central nervous system are at first relatively 

short and only later become lengthened out by the shifting of 

parts which accompanies the development and growth of the 

organism. ‘Thus we see that, although the final paths of the 

nerve fiber are purely subsidiary to the growth and shifting of 
the organ innervated, initial connection cannot be explained on 

purely mechanical grounds, and it is very probable that there 

exists, at the periphery, forces of a chemotactic or galvanotactic 

nature which bring about orderly selectivity just as these same 
forces appear to underly the process of selectivity within the 

central nervous system. 
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SUMMARY 

1. Shifting the position of the fore-limb rudiment a given num- 

ber of body segments anterior or caudal to its normal site, does 

not effect to the same extent a corresponding shifting of the seg- 

mental nerve contribution to the brachial plexus. There is a 

marked tendency for transplanted timbs to receive innervation 

from the normal limb level of the cord (table 2 and figs. 4, 5, 16, 

and 18). 

2. The number of segments occupied by a transplanted limb 

does not determine the number of segmental nerves contributing 

to its plexus. 

3. When the fore-limb rudiment is transplanted from two to 

three segments anterior to the normal position, the distal portions 

of the normal limb nerves are found to grow anteriorly the dis- 

tance of several segments to effect functional connection with the 

heterotopic appendage. The proximal portions of the nerve 

follow a normal pathway (fig. 16, cf. fig. 4). In effecting connec- 

tions with the limb, the nerves apparently grow anteriorly against 

the mechanical opposition of the developing myotomes, which 

tends to direct them caudally. 

4. From the results of the present limb experiments, in addition 

to those previously published (Detwiler, ’20), evidence has 

accumulated which strongly suggests that there exists between 

the limb and its normal nerves a developmental relationship 

which is more intimate in character than any developmental 

association between these same nerves and other structures. 

The contention is thus supported that mechanical influences, 

although governing in large measure the character of nerve 

pathways, do not reveal the mechanism by which proper connec- 

tions are made at the periphery. 

5. The function of transplanted limbs is conditioned by four 

main factors: 1) structural incompleteness of the shoulder- 

girdle; 2) defective development of the limb and the shoulder 

muscles; 3) defective peripheral innervation, and, 4) defective 

connections within the central nervous system. 

6. The gradual loss of function in limbs as they are trans- 

planted farther and farther away from the normal situation is 
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attributed to increased defective connections with the central 

reflex pathways involved in normal limb locomotion, rather than 

to a corresponding decrease in effective peripheral innervation 

and structural deficiencies of the shoulder and limb. 

7. The high percentage of abnormalities in limbs transplanted 

from two to three segments anterior to the normal position 

(table 1 and figs. 2 and 3) is due to the fact that they are placed 

in the environment of active gill-forming tissue. In these cases 

the gill-producing properties of the tissue surrounding the trans- 

plant markedly disturb the normal posture and differentiation of 

the appendage. 

8. When the ectoderm and mesoderm are removed from the 

entire external gill swelling (fig. 3) and a limb is transplanted 

into the denuded area, abortive gills may develop from the 

surrounding tissue (table 1). The results of the experiments 

indicate that the tissue lying ventral to the typical gill region 

possesses a relatively higher gill-forming capacity than does that 

lying anterior or dorsal. 

9. That the outgrowth factors for cae external gills reside not 

only in the ectoderm of the immediate gill region, but extend with 

diminishing degree of intensity into the surrounding ectoderm, 

is evident. ‘These observations, in so far as they could be made 
in the present work, support the results obtained by Ekman 

(13a, 713 b, 714) in his experiments on anuran forms. 
10. The hypoglossal nerve in Amblystoma is formed by the 

union of the ventral rami of the first and second spinal nerves and 

corresponds with the arrangement characteristic for urodeles. 

11. The entire ventral ramus of the second spinal nerve may 

contribute nerves to the transplanted limb. In such cases the 

hypobranchial musculature is supplied by the first spinal nerve. 

12. When the ventral portion of the first myotome is excised 

with the gill mass, the anterior segment of the m. sternohyoideus, 

the m. geniohyoideus, and the m. hyoglossus are absent on the 
operated side. The hypoglossal trunk in such cases does not 

assume its normal anterior pathway, but terminates in the 

posterior segments of the m. sternohyoideus. 
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Resumen por el autor, Harry Lewis Wieman. 

Los efectos de la transplantacién de una porcién del tubo neural 
de Amblystoma en una posicién perpendicular a la 

normal. 

I. Consideraciones generales. 

Cuando se extirpa una pequefia seccién del tubo neural al nivel 

del segundo al cuarto somita y se implanta en una posicién 

perpendicular a suposicién normal se obtienen los siguientes 

resultados: 1) El trozo transplantado se desarrolla y retiene 

su polaridad originaria; 2) Fibras aparecen creciendo posterior- 

mente desde el extremo anterior hacia la pieza transplantada 
y desde esta hacia el extremo posterior; 3) Las fibras ascendentes 
crecen hacia delante desde el extremo posterior solamente después 

de haberse establecido conexiones por medio de las fibras descen- 

dentes; 4) La pieza transplantada es reabsorbida en el -tubo 

neural reconstruido, pero hasta cierto punto retiene su polaridad 
estructural originaria la cual dura hasta cuarenta dias después 

de la operaci6n. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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EIGHTEEN FIGURES 

I 

It has been known for a long time that when the amphibian 
spinal cord is severed, in early embryonic stages, restoration of 

anatomical and physiological continuity takes place (Born, ’97; 

Harrison, 98; Hooker, 15). It is also known that when a section 

of the cord is excised and replaced in a reverse anteroposterior 

position, healing per primam occurs if the cut edges are care- 

fully apposed (Harrison, ’98, ’03; Spemann, 712; Hooker, ’15). 

According to Hooker, the reversed section retains its original 

morphological polarity, but its functional polarity becomes 

reversed through adaptation. The nerve fibers show a marked 

tendency to avoid entering the opposite wound surfaces. The 

experiments I am about to describe were designed to test further 

the regulative capacity of the amphibian neural tube. 

Eggs of Amblystoma punctatum were collected shortly after 

deposition and allowed to develop in the laboratory. The stages 
used for operation extended from the period of the fused neural 

folds to a point just before the larva becomes sensitive, but most 
of the operations were made in the earlier stages. The operation 

consisted in excising a piece of the neural tube and somites, equal 

to the length of two somites, and replacing it, dorsal side up, 

at right angles to its original position. ‘Thus the axis of the 

transplant formed an angle of 90° to the remainder of the neural 
tube. The length of the transplant was made somewhat longer 

than the width of the tube, in order to obtain a maximum length 

163 
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in the transplant, so that reactions and development due to its. 
original polarity could be studied to best advantage. 

The operation was accomplished by two transverse incisions | 

through the neural tube and somites, followed by a longitudinal 

cut on each side connecting the lower ends of the transverse 

incisions and extending to the midline in a frontal plane. In 

some cases the notochord was purposely cut and moved with the | 

transplant; in other cases it was left intact. The piece thus 

freed was lifted out, swung around through 90°, and pressed into 

the wound. The purpose in removing somite with the neural 

tube was to preserve as nearly as possible normal conditions for 

any nerves that might later develop from the transplanted tube, 

and, at the same time, to provide a non-nervous block between 

the stumps of the neural tube and the transplant. The usual 

practice was followed in holding the transpant in place by means 

of thin glass rods bent to fit snugly over the embryo at the site 

of operation. From five to fifteen mimutes sufficed for the trans- 

plant to become attached, after which the holders were removed. 

After an hour or so in 0.4 per cent salt solution, in which also the 

operations were performed, the embryos were removed to tap- 

water and allowed to develop at a temperature of 15° to 20°C. 
Following the operation, the embryos were examined from time 

to time under the binocular, sketched, and tested for nervous 

conductivity through the transplant by means of delicate tactile 

stimuli. The material was fixed in corrosive-acetic, embedded in 

rubber-paraffin, cut into 10u sections, and stained on the slide. 

On the whole, the most satisfactory staining results were obtained 

with Delafield’s haematoxylin and orange G. 

The stages most frequently used for operations reported on at 

the present time are shown in figure 1, A and B; C and D are 

outlines of older stages also used. The sketches were made 

five minutes after the operation. These stages showed no 

1 During the spring of 1920, the author enjoyed the privilege of spending two 

weeks at the Osborn Zoological Laboratory of Yale University, which afforded 

opportunity to observe the operative technique as practiced and so highly per- 

fected by Professor Harrison and his students. To Professor Harrison and the 

zoological staff at Yale the writer begs to express his deep sense of appreciation 

of the courtesy and privileges extended to him during his visit there. 

——s ee 
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marked difference in healing, and no constant differences were 

noted in subsequent changes. The present account is based upon 
a study of some fifty operations, the results of which were of a 
uniform character. 

Figure 2 illustrates the gross changes in the form of the body 

typical of embryos operated at stage D (fig. 1). Similar changes 

are noted when the operation is made at earlier stages, except 

A 

Let — 

B C : 

Ree oe Cities 

D 
Fig. 1f*4fand B, dorsal and lateral views, T. R. and T. L. series; C and D, 

lateral views, Fjand G series, respectively. Five minutes after operation. 

that the primary flexing of the head and tail toward each other 

dorsally, is apt to be more marked when the operating is done in 

the earlier stages. This dorsal flexure is well shown in figure 

3, A, and is probably due to contraction accompanying the closure 

of the wound. As may be noted in figure 2, this preliminary 

bending is followed by a straightening of the body axis, which in 

turn is succeeded by bending in a direction opposite to the first 

bringing the head and tail nearer to each other on the ventral 

side. It was found that in cases where the ventral bending was 
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least, or practically absent, the notochord had been cut and 

moved as a part of the transplant, whereas in all cases where the 

notochord was left intact marked ventral bending occurred. 

The principal agents in producing the bent axis are the trans- 
planted neural tube and somites. 

Fig. 2 Embryo G9. Operated April 16. Z, April 30; F, May 4; G, May 7; 
H, May 17; I, May 26. 

Another general effect of the operation was the underdevelop- 

ment of the gills, which never became as large and bushy as those 
of the controls. No special effect was produced on the develop- 

ment of the forelimbs, although many of the operations were 
made in the region of their nerve supply. 

Figure 3, A, shows the appearance of embryo T. R. 1, eight 
days after the operation. In the sagittal section, B, the trans- 
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planted tube can be clearly seen, but as the section passes lateral 

(left) to the brain and cord of the host, none of the latter can be 
seen. It is evident that the transplant has progressed in its 
development, having closed completely and having grown in 

thickness and length. The section shown in C passes nearer to 

Fig. 3 A, embryo T.L.1;B and C, sagittal sections. t.n., transplanted 

neural tube. Hight days after operation. 

the midline. It shows the transplant and both stumps of the 

neural tube with the transplant in close contact with the anterior 

stump. At first glance, it might appear that these two regions 

had fused, but a closer examination under higher power (fig. 4) 
shows that this is not the case, and that the cells of the two 

regions are rather sharply marked off. The condition was brought 
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about by the growing brain’s extending caudally and denting 

in the adjacent side of the transplant, without any positive 
tendency to fusion with the latter. Posteriorly (fig. 3, C), the 

transplant is entirely free of the neural stump; nor is there any 

evidence in other sections of the series of any connections what- 

soever between the posterior stump and the transplant. The 

Fig. 4 A and B, enlargements of transplanted tube of figure 3, A and B, 
respectively. 

Fig.5 Embryo T.R.3, operated April8. A, April 28; B, May 3; C, May 10. 

relation shown in figure 4, B, may represent a first step in the 

restoration of anatomical continuity between the anterior stump 

and the transplant, but since it is also true that in other embryos 
of this series and age the transplant is entirely free of contact 

with either stump, it would seem that the condition found in 

T. R. 1 is more or less the result of a chance contact brought 

about by the rapid growth at this time of the brain stem anterior 

EO 
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to the transplant. There is much reason to believe that definitive 

union does not take place until actual nerve fibers develop. 

Figure 5 and figure 6, B, show sketches of embryo T. R. 3, 

belonging to the same series as the preceding. Twenty days 

after the operation (A), there is scarcely any visible outward 

evidence of the operation except lessened size as compared with 

Fig. 6 Embryo T.R.3. B, May 17; C, sagittal section. A, control. t.n., 

transplanted neural tube. In this and all subsequent drawings of sections the 
shaded parts represent cartilage. 

the control. Five days later (B), a slight transverse swelling 

appeared at the site of operation, which became more marked 

a week later (C). Finally (fig. 6, B), thirty-seven days after the 

operation, the transverse ridge became well defined and projected 

slightly beyond the line of the body on the right. At this point 
the animal was killed and fixed. In this embryo there was 

practically no ventral bending of the body; the animal maintained 

an upright position and was very active. Its body length was 
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somewhat less than that of the control. The notochord was cut 

and the section moved with the transplant. Tactile stimulation 

in front of and behind the transplant gave no evidence of nervous 

conduction in an anteroposterior, or reverse, direction. 

The production of a transverse ridge was not a constant feature 

of operated embryos. The fact is mentioned because it happened 

to be present in this particular embryo which was one of those 

selected for sectioning. Sections show that the position of the 

ridge does not coincide exactly with the position of the trans- 

planted tube. The ridge was found to be due in part to the 
growth in length and breadth of the transplant, but principally 

to growth and differentiation of transplanted somites especially 

toward the right side (fig. 6, B). This larger projecting end lies 

near the original posterior end of the transplanted neural tube. 

Figure 6, C, shows a section in a sagittal plane passing through 

the eye, otic vesicle, and the enlarged (original anterior) end of 

the transplant. The sections begin at the animal’s left side. 

The appearance of the section shows that the transplant has not 

only increased in size, but has undergone differentiation typical 

of the hindbrain region from which it came. 

A section 180. nearer to the midline (fig. 7, D) and to the 

right shows a very broad connection between the transplant and 

the brain in front. The section shown in F passes 100u to the 

right of D. The transplant is free, having no connections on 

either side. ‘The posterior stump is seen in this figure with three 

thick nerve processes passing ventrally. It is separated from 

the transplant by muscle derived from transplanted somite. 

Figure 8, F, 140u to the right of H, passes approximately 

through the midline, and shows the transplant free and under- 

developed. The amount of development to be expected is 

indicated by the appearance of the posterior stump, which is 

large, showing every indication of differentiation. It terminates . 

in a smooth, rounded surface. 

The section seen at G is 120u to the right of F and shows both 

stumps with the transplant underdeveloped and lying free 

between them. 
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The sections give an idea of the conditions at various levels 

as seen in selected sagittal sections. They show all of the im- 

portant points that have come to light from the complete study 

of the entire series of sections of this embryo and others of the 

same age. These points may be summarized as follows: 1) Evi- 

dence of an active growth and differentiation of the original 

Fig. 7 Embryo T.R.3, sagittal sections. ¢.., transplanted neural tube; 

t.s., transplanted somite; p.s., posterior stump. 

Fig.8 Embryo T.R.3, sagittal sections. 

anterior end of the transplanted neural tube; 2) the presence 

of a well-defined connection between the transplant and the 

anterior stump located to the left of the midline, that is, toward 

the original anterior end of the transplant; 3) the absence of any 

connection between the transplant and the posterior stump; 

4) evidence of active growth and differentiation in the posterior 

stump; 5) evidence of progressive atrophy in the transplant to 

the right of its union with the brain, that is, in the direction of 
its original posterior end. 
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Embryo T. R. 5 (fig. 9) developed a marked ventral bend in 

the body which interfered with its maintaining an upright posi- 

tion. The notochord was not disturbed by the operation, which 

was performed April 8th. Tactile stimulation from time to time 

showed no evidence of conductivity anteroposteriorly, or reverse, 

through the transplant. Thus for May 10th my notes show the 

following record: 

ey Mies i ae, 10 
Fig.9 Embryo T.R.5, May 17. Operated April 8. 

Fig.10 Embryo T.R.5, sagittal sections. s, connective-tissue septum. 

Stimulation anterior to transplant: slight twitching of gills. 

Stimulation posterior to transplant: active body movement; 

head quiet. 
Stimulation at site of transplant: active twitching of gills. 
This record points to a descending connection from the an- 

terior stump to the transplant, but no posterior connection. 

In the course of a week the character of the responses changed. 

Thus on May 17th the record is as follows: 
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Stimulation anterior to the transplant: active movement of 

forelimbs, followed by quick body contractions. 
Stimulation posterior to transplant: similar response. 

Stimulation at site of transplant: similar response. 
These results indicated that conduction was occurring back 

and forth through the transplant—that functional connections 

had been established between the transplant and the two stumps. 

Figure 10, B, shows the original anterior end of the transplant 

in close contact with the ganglia of the ninth and tenth nerves, 

with which a union seems to have been formed. A large process 

passes ventrally from the transplant just in front of the pro- 

Fig. 11 Embryo T.R.5, sagittal sections 

nephros. The section shown in C, passing through the midline, 

shows] the transplant completely incorporated in the nervous 

system. The irregularity in the distribution of the nuclei and 

the connective tissue septum (s) indicate the position of the 

transplant. The fact that anatomical continuity is established 

leads to the belief that the results of stimulation noted above 

were due to nervous conductivity through the transplant rather 

than to direct muscular stimulation. 

Figure 11, D, is a section passing to the right of the midline. 

It shows a well-defined union between the transplant and the 
brain in front. Section EH passes still further to the right. The 

transplant shows signs of diminished vigor and growth, and is not 

connected with either stump. 
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Figure 12 is an outline of embryo T. R. 4, an animal belonging 

to the same series as the preceding, but not killed until May 27th. 

For some time preceding this date responses to stimulation in-. 

dicated that conduction paths had been established through the 
transplanted tube. 

In figure 13, B, is seen a sagittal section passing to the left of 

the midline. Complete anatomical continuity is evident, but 

Fig. 12. Embryo T.R.4, May 27. Operated April 8 

Fig. 138 Embryo T.R.4, sagittal sections 

the V-shaped configuration of the nuclei reveals the location of 

the transplant. The section shown in C passes directly through 
the midline, where the transplant appears to be completely 

absorbed; but here again its boundaries are indicated by two 

breaks or gaps in the nuclear mass. Careful examination of 

all of the sections in the series shows that the fusion between the 

transplant and the nervous system is very intimate, none of 

the transplant extending beyond the lateral limits of the brain 

and cord. 
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A study of transverse sections was also made, but a description 

of such sections would be merely a repetition of what has already 
been described. For this reason but one transverse series will 

be considered here, and that because it throws some light on the 

completeness with which anatomical union is established through 

the transplant. 
Embryo T. R. 7, shown in the figure with the control, had a 

history similar to that of T. R. 4. Like the latter it showed 

normal responses to stimuli twenty days after the operation, 

was very active and, save for a slight bend in the posterior part 

of its body and its slightly smaller size, behaved very much like 

Fig. 14 B, Embryo T.R.7, May 5. Operated April 8. A, control. 

the control. It was killed May 25th, twenty-five days after the 

operation, and by that time its body had straightened out 

considerably. : 

Transverse sections showed complete fusion of the transplant, 

but its location could be determined by the configuration of the 
cells and the irregularity in the shape and position of the canal 

as well as by the appearance of the regenerating notochord, which 

in this case had been cut. (It was left intact in T. R. 4.) Figure 

15, C, shows a transverse section passing just in front of the trans- 

plant. D passes through the region of contact between the 

transplant and the anterior stump. It is at once evident that 

the cells are abnormally distributed and that there is no evidence 

of a canal. # passes through the center of the transplant. It 

shows a misplaced canal, and also the remains of the transplanted 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 2 
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notochord at ¢. no. Regeneration in the notochord is taking 

place in the stumps; the transplanted piece appears atrophied 

and seems to take no part in the process. /, passes through the 
posterior limit of the transplant. Here again the canal is missing. 

The section also shows the overlapping ends of the regenerating 

notochord. Posterior to this level the sections are normal. 

Fig. 15 Embryo T.R.7, transverse sections. (.no., transplanted notochord; 
no., regenerating ends of the notochord. 

Therefore, the conditions found in the transverse series confirm 

what has already been shown in the sagittal series of T. R. 4. 

Frontal sections afford a view of the process from still a dif- 

ferent angle and supply further confirmation of the conclusions 

already reached. Embryo G9 was cut into frontal sections for 
this purpose. It is shown at the operating stage in figure 1, D. 

Figure 2 consists of drawings of the embryos at various intervals 

up to the time of killing, May 17th. Responses to tactile stimu- 

lation indicated that conduction pathways were established 
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through the transplant by May 7th (fig. 2, G), seven days after 

the operation. 
The frontal section shows the transplant united with both 

stumps, but the readjustment is not as complete as in the 

two preceding cases, which was to have been expected from the 

shorter duration of time between operation and fixing in the case 

of G9. In the figure the original anterior end of the transplant 

is to the right. Owing to a shift in position, its axis cuts that of 

Fig.16 Embryo G9, frontal section. Anterior end up. 

Fig.17 A, Embryo T.L.9, May 26. Operated April8. JB, sagittal section. 

the embryo diagonally, the anterior end of the transplant lying 

cephalad to its posterior end. The shift forward of the anterior 

end of the transplant might have been due to factors connected 
with the process of bridging the stumps, or it might have been 

due to lack of success in implanting the excised tube at right 

angles to the embryonic axis at the time of operating. However, 

the fact that a similar shift in position of the transplanted tube 
has been noted in many other operated embryos points to the 

conclusion that it is not the result of accident in technique, but 
rather an indication of a definite orientation of the transplant. 
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It is also to be noted in figure 16 that the original anterior 

end of the transplant (to the right) is larger than the opposite 

end, and that the axis of the brain stem (above) points toward 

this larger end. Thus it would seem that the junction at this 

point with the transplant was brought about by descending fibers 

growing back from the brain not in a straight line, but toward 

the original anterior end of the transplant. This same fact 

appears from an examination of sagittal sections, where it may be 

recalled that the connection between the anterior stump and the 

transplant lies for the most part to one side of the midline, the 

side nearer to the original anterior end of the transplant. 

Figure 16 also shows that the connection with the posterior 

stump leaves the transplant from its posterior end (to the left), 

which would be expected on the assumption that the transplant 

had retained its original anteroposterior polarization. As a 

result there is a zig-zag in the restored neural axis, which, evidence 
from older stages (figs. 12 to 14) shows, may be later partially 

straightened out. 

1a 

The disturbance caused by the operation to which these 

embryos were subjected must be profound, and it seems remark- 

able that reéstablishment of morphological and functional con- 

tinuity to the extent noted occurs with such frequency in the 

relatively small number of cases that I have studied. However, 

the success of the operation depends to some extent upon the 

region in which the transplantation is made. Thus in the experi- 

ments considered up to this point the transplantations were made 
in the region of the second to the fourth somites approximately. 

Among these experiments only one case occurred from which 
recovery seemed impossible or at least unlikely. 

Embryo T. L. 9, operated April 8th, showed by its reactions 

to stimulation that connections through the transplant were 

established by April 28th. At this time the embryo showed a 
slight bend (ventral) in the body axis. As time went on, the 

bend became more pronounced and response to stimuli more and 

more sluggish, until by May 26th, when it was fixed, no evidence 
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could be obtained of conduction through the transplant. By 
this time the bend in the axis had become extremely acute 

(ieo7;A)) 
Sections showed that the loss in conductivity was due to the 

formation of a cartilaginous partition cutting through the neural 

axis just behind the transplant. Figure 17, B, a section in the 

medial plane, passes through the thinnest part of the partition 

and shows the transplant firmly united in front with the brain. 

In all probability the transplant completed its anterior connec- 

tion, but was unsuccessful in developing a posterior connection 

of sufficient stability to resist the pressure of the growing posterior 

wall of the brain capsule, with the result that a foramen magnum 

failed to develop, and the brain became completely hemmed 

off anteriorly. 

iil 

In the F series of embryos the operation was made in the 

region of the fifth and sixth somites, and the results of these 
experiments are somewhat different from those of the other 

series. All were operated the same day, April 16th, and none of 

them during thirty days following the operation showed any 

evidence, by the method of tactile stimulation, of nervous con- 

tinuity through the transplant. The operating stage is shown in 

figure 1, C. 
Let us consider a few examples. F7, killed May 7th, twenty- 

one days after the operation, showed in sections that the trans- 

planted tube was widely separated from the stumps of the brain 

and cord by muscle that had developed from transplanted 

somites. The transplanted tube had, however, undergone a * 

certain amount of growth and differentiation, and showed no 

signs of atrophy. Practically the same conditions were found 

in F1, killed May 17th, ten days later than F7. FS3, killed 

May 18th, one day after F1, displayed in sections the same wide 

separation between the transplant and the stumps, but in this 

case the transplant gave every appearance of atrophy in its 

reduced size and ragged form. Had the embryo been allowed to 

live, the possibility of its establishing connections between the 
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neural stumps would seem to have been very remote indeed. 
Finally, F4, killed May 17th, was the only one of the entire 

series that in sections showed any connection between transplant 

and nervous system, and here the connection extended only 

between the anterior side of the transplant and the brain. The 

appearance of the sections does not exclude the possibility of a 

posterior connection through the transplant being established 

Fig.18 A, Embryo F4, May17. Operated April16. B, sagittal section. 

later had the embryo been allowed to live. However, the fact 

that this had not occurred by the end of thirty-one days speaks 

against it, since in the T. R. series both anterior and posterior 

connections were established as early as twenty days after the 

operation, and in the G series even earlier—seven days in the 

case of G9—but the latter series were much older at the time 

of operation (fig. 1). Further, F4 was the only one of the six 

embryos of the F series chosen at random for sectioning in which 
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there was any indication of any connection between the transplant 
and the stumps. 

Only twelve operations were made in the F series, and this 

number is of course too small to serve as the basis for far-reaching 
conclusions; nevertheless, the fact remains that the results in 

this series differed consistently from the others in that restora- 

tion of anatomical and functional continuity was delayed or 

even excluded. At the time the operations were performed it 

was not forseen that a matter of a few somites difference in level 

would make a material difference in the reaction of the neural 

tube to the operation; but it can be pointed out now that the 

results obtained are what one should expect if the initial step in 

the restoration process is a posterior growth of fibers from the 

brain to the transplanted tube, since the longer time required 

for fibers to reach the more posterior level would allow somites 

intervening between transplanted tube and the neural stumps 

to develop to such an extent as to delay materially, if not actually 

to prevent, the formation of a nervous connection. Therefore 

the nearer to the brain the transplantation is made the better 

the chances for connections being established. This point will 

be subjected to further experimental test, the results of which 
will be reported upon later. 

IV 

We may now review in their proper order the various steps 

involved in the process of restoring anatomical and functional 

continuity between the transplanted tube and the rest of the 
nervous system. In the first place, at the time of the operation 

in the T. R, T. L., and F series, no tracts were established, so 
that there was nothing to interfere with localized development 

taking its natural course; and as a result neuroblasts develop in 

all parts of the neural tube, including the transplanted portion. 

Since a stage just before appearance of sensitivity was used for 

operation in the G series, the first steps in the formation of the 

primitive somatic sensory and motor tracts had already started 

in this series. In the second place, whenever in the sectioned 
embryo a single connection was found between the transplant 
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and the neural stumps, the connection always occurred between 

the anterior stump and the transplant. Since an outgrowth fails 

to appear at this time from the posterior side of the transplanted 

tube, there is little reason to suppose that such an outgrowth 

takes place from its anterior side either; for which reason it 
would seem that the anterior connection is initiated by descend- 

ing fibers from the anterior stump. 

It is not known to what extent, if any, nerves developing from 

the transplant participate in this process; but since a certain 

amount of axial mesoderm was left attached to either side of the 

transplanted tube, it would seem that such nerves would develop 

their usual relations with somite and skin (Coghill, ’14), rather 

than deviate from their ordinary path of development, which 

would still be open to them, to develop unusual relations with the 
anterior stump. 

The rapid growth of the brain pushing the anterior stump 

against the transplant may be an incidental factor in bringing 

about a union, but complete fusion does not occur until fibers 
develop. This is illustrated by the results of the G series, in 

which it was found that connections between transplant and 

stumps developed in a much shorter time after operation than 

in the other series. In other words, the formation of a connec- 

tion between the stump and transplant depends upon thé state 

of development of nerve processes. The location of the connec- 

tion between the anterior stump and transplant, as seen in 

figure 18, B, clearly indicates its motor character. 

As regards the connection between the transplant and the 

posterior stump, everything points to its being initiated by the 

continued growth backward, through and beyond the transplant 
of descending fibers from the anterior stump, augmented perhaps 

by similar fibers from the transplant itself. In the first place, 
the participation in this process of nerves arising from the trans- 

plant may be ruled out for reasons already given. In the second 

place, there is no indication of processes growing forward from 

the posterior stump even after well developed anterior connec- 

tions are formed (fig. 7). While the posterior stump at this time 

shows every indication of growth and development, its surface 
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is smooth and rounded without the slightest trace of outgrowth 

forward. In fact, the appearance of sections points to what 

amounts to a repulsive effect, or negative chemotaxis, between 

the posterior stump and transplant, or at least the complete 

absence of any attraction between the two regions. The sig- 

nificance, therefore, of the time interval between the formation 

of the anterior and posterior connections would seem to be that 
it represents the time required for the descending fibers from the 

anterior stump to make their way through the transplant; which 

they do in the direction of the original anteroposterior axis of 

the transplant. After traversing the transplant a short distance, 

the descending fibers again change their direction and leave the 

transplant to bridge the gap between it and the posterior stump. 

All evidence of repulsion between the two regions would then 

disappear just as soon as the descending fibers have opportunity 

to penetrate the posterior stump, which they do, presumably, 

because the posterior stump is territory that they traverse in 

normal development. 

Incidentally, if the above interpretation be the correct one, it 

indicates that the first long tracts connecting the brain and cord 
are motor. After the motor connections are established through 

the transplant, there is every reason to believe that sensory tracts 

develop, with the result that there is restored a condition that is 

almost normal, but not completely so, for the period during which 

the embryos were under observation. To what extent the res- 

toration approaches normal conditions remains to be seen. 

Hooker (717), in his study of the effect of reversing a section 

of the cord in the frog, found a marked tendency on the part of 

the nerve fibers to avoid entering the opposite wound surfaces. 

The conditions of his experiments excluded any opportunity for 

the dissipation of this state of mutual repulsion, with the result 
that nerve connections failed to develop between the ends of the 

reversed cord and the stumps. In my experiments the conditions 

are different, and the ‘avoiding reaction’ is more likely a phenom- 

enon of the posterior stump only—the transplant being neutral, 

so to speak. The question as to why ascending fibers do not 
arise from the posterior stump would seem to have its answer 
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in the results of the experiment, namely, the development of 

ascending tracts from the cord to the brain awaits and therefore 

depends upon the formation of motor tracts. Once the stumps 
have been bridged by descending fibers, all semblance of repulsion 

between the posterior stump and the transplant disappears, and 

the way is prepared for ascending tracts to grow forward. 

Hooker (’15), after severing the cord of the larval frog in the 

cervical region, found that when the wound surfaces are not 

apposed the first steps leading to a reunion and return to nearly 

normal form and structure are brought about by, 1) the develop- 

ment of nerve fibers from the motor cells of each segment of the 

cord and, 2) the growth of sensory axones from the cut surface 

of the posterior stump. In other words, the motor connections 

precede the sensory. Coghill (713), in his study of the primary 
ventral roots and the somatic motor column of Amblystoma, has 
shown that the ventral root fibers occur in their full relation 

between the spinal cord and muscle some time before the muscle 

can be stimulated through the sensory field. The physiological 

properties can in no sense be determined through stimulation 

in the sensory field, for they may be actually functional for some 

time before they come under the influence of the sensory nerves. 

Thus Coghill’s work indicates that in the formation of the early 

reflex ares in the cord the motor connections are established 
before the sensory. My results similarly point to the formation 
of the long motor tracts from the brain to the cord before the 

sensory tracts. 

It is also to be noted that the restoration of nervous connec- 

tions through the transplant takes place in the direction of 
the normal metabolic gradient of the embryo. Such a gradient 

is also exhibited in the transplanted tube, the original anterior 

end invariably exhibiting evidence of more vigorous growth and 

developmental energy than the posterior end. ‘This is true even 

after a connection has formed between the anterior stump and 

the transplant. The fact that this connection is always made 
at a point nearer to the anterior end of the transplant might 

explain the difference in behavior of the two ends of the trans- 

plant, were it not for the fact that a similar differencé in the two 



TRANSPLANTING NEURAL TUBE OF AMBLYSTOMA 185 

ends exists in cases where the stumps have failed to form unions 

with the transplant (F series). At thesame time it seems doubtful 

that the transplant can for an indefinite period maintain its 

form and structure without establishing connections with the 

stumps of the brain and cord. This is indicated by the results 
of the F series, in which the operation was made at the level of 

the fifth and sixth somites, and in which in only one case out of 

four selected for sectioning was even a single connection developed 

between the stumps and the transplant within a period of thitty 

days. In the other three cases the transplant was separated 
from the neural stumps by muscle tissue to such an extent that 

nervous union seemed unlikely, if not impossible. In two of 

these the transplant showed evidence of growth and develop- 

ment, the original anterior end being larger, but in the third 

(F3) the transplant was disintegrating. Presumably, the de- 

generation of the transplant was due to its failure to form a 
connection with the nervous system. 

As has already been mentioned, the results of the F series 

supply additional evidence for the conclusion reached regarding 

the manner in which the nervous stumps become reunited through 

the transplant. In the T. R, T. L., and G series the operation 

was performed in the region of the second to fourth somites, while 

in the F series the operation was behind the fifth somite. If 

the restoration of anatomical connection depends upon the down- 

growth of descending fibers from the brain, then a longer time 

would be required for such fibers to reach the site of operation 
in the F series. The results obtained in the F series would seem, 

then, to be due to the fact that the greater amount of time 
required for the descending fibers to reach the level of operation 

allowed transplanted somite to develop to such an extent on either 

side of the transplanted tube as to form a barrier on either side 

of it. That this barrier may be overcome on the anterior side 
of the transplant, at least, in the course of thirty days is shown 

by F4 (fig. 18), but whether or not similar connections would 
have been made later on in all of the F series is of little moment 

to the point under discussion. The primary reason for lack of 

successful réunions in the F series would seem to be the more 

posterior site of the operation as compared with the other series. 
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Vv 

General conclusions may be summarized as follows: 

I. When a small section of the neural tube of Amblystoma, at 
the stage of the closed neural folds, is removed at the level of 

the second to fourth somites, together with portions of adjacent 

somites, and reimplanted at right angles to its normal position: 

1. The transplanted tube continues its development and re- 

tains its original polarity. 

2. The growing brain, pushing the anterior stump back against 

the anterior side of the transplanted tube, may be a factor in 

forming a union at the point of contact. 

3. Nerve fibers grow back from the anterior stump into the 

transplant near its original anterior end. 

4. The posterior stump becomes club-shaped, but shows no 

initial tendency to send fibers forward into the transplant. 

5. A connection between the transplant and the posterior 

stump is brought about by the continued growth backward of 

fibers from the anterior stump through the transplant. 
6. Ascending fibers then grow forward from the posterior 

stump. 

7. The transplant eventually becomes absorbed in the recon- 

structed neural tube, but the appearance of sections shows that 

the cells of the transplant do not lose their original polarity as 

late as thirty to forty days after operation. 

II. When the operation is performed at a stage Just before the 

larva becomes sensitive, the process is the same, but the union 

is formed in a shorter time after operation. 

III. When the operation is performed at the earlier stages, 

but in the region of the fifth and sixth somites, or farther back: 
1. A longer time is required for the formation of nervous 

connections. 

2. In series of twelve operations no case of complete con- 

nections between the stumps occurred in thirty days. 

3. In one case at least the transplant was disintegrated at the 

end of thirty days. 
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Resumen por los autores, Lorande L. Woodruff y H. Spencer. 

Estudios sobre Spathidium spatula. 

I. La estructura y comportamiento de Spathidium con especial 

mencién de la captura e ingestién de su presa. 

Los puntos esenciales consignados en el presente trabajo son: 

1. Spathidium no posee tricocistos y por consiguiente la extru- 

sién de tales estructuras no es la causa de la pardlisis de la presa. 
2. Existen triquites en la regién oral formando una empalizada 

que es en apariencia comparable a los bastones de soporte que 

rodean la boca en los mds generalizados ciliados gimnostémidos. 

No existe prueba positiva de que los triquites sean el punto 

donde se origina el veneno. 3. Spathidium spatula en los cul- 

tivos de los autores posee micronticleos claramente definidos. 

Por esta causa el Spathidium estudiado por Moody (Journ. 

Morph., 712) debe interpretarse como una raza amicronucleada. 

4. El alimento de Spathidium se limita a pequefios ciliados, 

pero no a miembros del género Colpidium. 5. Spathidium se 

pone en contracto con su presa solamente al azar. 6. Una 

presa que ha sido paralizada y se ha desprendido de la regién 

oral de Spathidium puede ser recobrada en la mayor parte de 

los casos mediante una serie compleja de reacciones sucesivamente 

modificadas indicadoras de la existencia de una “‘sensibilidad a 

distancia.”’ 7. Elfactor que juega un papel en esta sensibilidad 
a distancia es aparentemente una substancia segregada por 

Spathidium cuando la presa es paralizada. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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EIGHT TEXT FIGURES AND ONE PLATE (FIGURES NINE TO TWENTY) 

The holotrichous infusorian which today bears the name 

Spathidium spathula apparently was first described by Miller 

in 1773, and again in 1786 as ‘‘Enchelis cylindrica, apice hyalina’ 

spathulata” and designated Enchelis spathula.1 The next ob- 

servations of importance were those of Ehrenberg? in 1830 and 
1838, which led him to place the organism in the genus Leuco- 

phrys as L. spathula. In 1841 Dujardin? founded the genus 

Spathidium for an organism which he considered identical with 
Miiller’s Enchelis spathula, and named it Spathidium hyalinum. 

Kighteen years later, in his monograph on the Infusoria, Stein‘ 

merely mentioned the organism incidentally, and apparently 

was of the opinion that it was not specifically distinct from 

Khrenberg’s Enchelys farcimen, and retained it in the genus 

Enchelys. Maupas*® in 1888 recognized the genus Spathidium 

of Dujardin and the species spathula of Miiller, and thus es- 

tablished the modern name of the organism, Spathidium spathula. 
The most recent work on the structure and the first on the 

1Q. F. Miller, Vermium terrestrium et fluviatilium historia, 1773, p. 38. 

Animalcula Infusoria fluviatilia et marina, 1786, p. 40, pl. V, fig. 19. 

2C. G. Ehrenberg, Abhandl. der Akad. d. Wissensch. zu Berlin, 1830, S. 42; 

1831, 8. 105. Die Infusionsthierchen als volkommene Organismen, 1838, S. 312. 

5 ¥, Dujardin, Histoire naturelle des Zoophytes. Infusoires, 1841, p. 458. 

4F., Stein, Der Organismus der Infusionsthiere, 1859, I. Abtheilung, S. 80. 

5 EH. Maupas, Sur la multiplication des Infusoires ciliés, Arch. de Zool. Fxp. 

et Gen., 1888, (2) 4, p. 246. 
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life-history of Spathidium was done by Moody’ in 1912, and her 

study is accordingly the point of departure for the discussion 

of our own observations. 

MATERIAL AND METHODS 

The original animal of the pedigree cultures which we are 

conducting was isolated on November 5, 1920, from a jar of 

decaying vegetable debris collected at New Haven. Up to the 
present time a large number of separate lines have been started 

from the original one, some in which conjugation has been pre- 

vented and others in which it has been allowed to occur. 
The various pedigreed lines have been carried on depression 

slides kept in large moist chambers. The culture medium, 

which was supplied daily at the time of isolation, consisted of 

‘two drops of standard beef extract? plus a drop of hay infusion 

which had previously been seeded with small ciliates, chiefly 

Colpidium. The bacteria which developed afforded food for 

the small ciliates and these in turn provided food for the Spathidia. 
The normal living animals, specimens stained intra vitam, 

preserved total preparations, and serial sections have been studied 

both with the monocular and binocular compound microscope 

with various lens systems, including the Zeiss 2-mm. apochromat, 

and compensating oculars 4 to 18. The Zeiss binocular dissect- 

ing microscope, with lens combinations affording magnifications 

up to 172 diameters, has also been employed. 

For fixation, Schaudinn’s solution (two parts saturated solu- 

tion of corrosive sublimate and one part of absolute alcohol) 

proved most satisfactory for general cytological studies. In 

special cases osmic-acid vapor, Zenker’s fluid, corrosive-acetic, 
Worcester’s fluid, picric acid, and various other fixatives were 

utilized. A wide range of stains was used, many of them intra 

vitam. We may mention Lyon’s blue, methylene blue, methyl 

6 J. E. Moody, Observations on the life history of two rare ciliates, Spathidium 

spathula and Actinobolus radians. Jour. Morph., 1912, vol. 23, p. 349. 

7L. L. Woodruff and G. A. Baitsell, The reproduction of Paramecium aurelia 

in a ‘constant’ culture medium of beef extract. Jour. Exp. Zodl., 1911, vol. 11, 

p. 135. 
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green, nigrosin, dahlia, Bensley’s mitochrondria, gentian violet, 
Loeffler’s, Mallory’s triple stain, picro carmine, Delafield’s haema- 
toxylin, and Heidenhain’s iron haematoxylin. 

MORPHOLOGY OF SPATHIDIUM 

The general structure of Spathidium as described by Moody 

is corroborated by the study of the animals of our pedigree 

cultures. The flask-shaped form of a typical vegetative in- 

dividual is well illustrated in figure 9. But specimens im- 

mediately before and after division, encystment, and conjugation, 

as well as when starved and after a heavy meal, exhibit very 

marked changes from the typical condition. In addition to the 

diversities in the relative proportions of the various parts of the 

cell under these varying circumstances the contortions of the 

organism, when it becomes entangled in zoogloeal debris, etce., 

augment the protean picture which it presents, though we have 

never seen a specimen ‘double its length’ as recorded by Moody. 

But such a succession of forms is apparent that many might be— 

indeed, some have been—designated as distinct species (Cf. figs. 

9, 10, 13, 14, 19, and 20). Asa matter of fact, the attempt to 

determine the specificity of widely different specimens in a wild 

culture led to the discovery of the peculiar advantages afforded 

by Spathidium for experimental purposes. 

Cilia. The ciliation of the specimens in our cultures agrees 

with Moody’s description, there being about sixteen longitudinal 

rows of cilia evenly distributed over the cell. However, each 

of these bands is in turn made up of two closely opposed rows 

of cilia. It has been impossible to demonstrate this composite 

character of the bands in living specimens, but sections clearly 

reveal a double row of basal granules in each band. At the 

edge of the truncated anterior end there are two rows of some- 

what longer and stouter cilia, the stronger beat of which is par- 

tially responsible for the characteristic gyrations of the anterior 

end as the organism swims forward revolving on its long axis. 

The cytostome consists of a long narrow depression extending 

almost, if not quite, the whole length of the truncated end nearly 
at right angles with the long axis of the cell. At the bottom of 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 2. 
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the depression there is a slit-like opening into the endoplasm, 

It is impossible to determine the limits of the opening except 

when the animal is starting to feed, since at other times the 

edges are closely appressed. However, when a small ciliate is 

seized, it rapidly opens and the prey is forced in by means of 

the contractile edges of the cytostome, assisted apparently, in 

the earliest stages, by the activity of the larger cilia in this 

region. . 

Trichocysts. Maupas and Moody describe a row of minute 

rod-like bodies near the edge of the peristome. Maupas gives 

no details in regard to these bodies, apparently taking it for 

granted that they are trichocysts. But Moody definitely states 
that ‘‘Three artificial methods were used to explode the tricho- 

cysts: exposure to osmic acid vapor, treatment with a 2 per cent 

solution of acetic acid and a solution of methyl green. After 

treatment with any one of these reagents, in fifty individuals 

examined, the cilia were found freely extended, the trichocysts 

being readily distinguished from the long oral cilia inasmuch 

as they were straight and stiff in appearance, whereas the cilia 

showed a wavy outline.” This statement seems to be sufficiently 
positive to settle the question, though farther on in the same 

paragraph the author states that she has not “found the greatly 
elongated trichocysts of complicated structure described by 
Maier, Schuberg, and Schewiakoff for Frontonia, Paramecium 

and other ciliates; owing, however, to the paralyzing effect on 

Colpidium following contact with the anterior end of the body, 
I think it safe to interpret, as trichocysts, the short opaque 

rods so plainly visible in the thickened rim of the mouth.’’’ 

We have been unable to demonstrate the extrusion of tri- 

chocysts in our material, although we have tried all the methods 

which are effective in other ciliates, such as Paramecium, in- 

cluding the reagents used by Moody herself. In favorable 

specimens the basal granules of the oral cilia can be seen and 

present somewhat the appearance of ‘trichocysts’ as shown in 

Moody’s figure 12. However, they are identical in structure 

with the basal granules of the smaller cilia on the general surface 

§ Loc. cit., p. 356. 
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of the cell. Accordingly, since living animals, studied under 

the highest powers and manipulated with the Barber micro- 

dissecting apparatus, stained total mounts, and serial sections 

fail to reveal the presence of trichocysts, we are forced to con- 

clude that they are not present.® 

Although trichocysts were discovered by Ellis!® as long ago 

as 1769, given their present name by Allman" in 1855, and sup- 

posed to be ‘poison organs’ by Lachmann” two years later, there 
is to-day little conclusive data in regard to their function. Even 

in forms like Paramecium and Frontonia with obviously highly 

developed trichocyst apparatus, so far as we are aware, the func- 

tion of the trichocysts is chiefly a matter of assumption. Mast 

clearly showed that the trichocysts of neither of these organisms 

have any paralyzing effect on Didinium, and attributed to them 

merely a mechanical effect in that they form a viscid mass about 

the organism which hampers its enemy. Indeed, Jennings stated: 

“Tt is possible that the discharge (of trichocysts) is really an 
expression of injury,—a purely secondary, even pathological 

phenomenon, like the formation of vesicles on the surface of an 

injured specimen.’ 

On the authority of Balbiani," trichocysts were stated to occur 

in Didinium until Thon, corroborated by Mast,'® demonstrated 

their absence. However, Thon believed that Didinium has a 

paralyzing effect on a Paramecium which has been struck by the 

97,. L. Woodruff and Hope Spencer, The food reactions of the infusorian 

Spathidium spathula. Proc. Soc. Exp. Biol. and Med., 1921, vol. 18, p. 183. 

10 J, Ellis, Philosophical Trans. Royal Society, 1769, vol. 59, p. 144. 

1G. J. Allman, On the occurrence among the Infusoria of peculiar organs 

resembling thread-cells. Quart. Jour. Microscopical Science, 1855, vol. 3, 

Delia. 
2 J, Lachmann, Annals and Magazine of Natural History, 1857, vol. 19, p. 126. 

13 H{. §. Jennings, Behavior of the lower organisms, 1906, p. 91. 

144. G. Balbiani, Observations sur le Didinium nasutum. Arch. d. Zool. 

Exper. et Gen., 1873, T. 2, p. 363. 
15K. Thon, Ueber den feineren Bau von Didinium nasutum. Archiv f. Pro- 

tistenk., 1905, p. 289. 
16S. O. Mast, The reactions of Didinium nasutum (Stein) with special refer- 

ence to the feeding habits and the function of trichocysts. Biol. Bull., 1909, 

vol. 16, p.91. 
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seizing organ. Calkins'’ apparently showed that there is such an 

effect, and in the absence of trichocysts interpreted certain deeply 
staining “granular striae’ near the apex of the trichites comprising 

the seizing organ as representing the seat of the poison. Ac- 

tinobolus radians also may be mentioned; both Erlanger and 

Calkins! held that this ciliate captures Halteria grandinella by 

means of trichocyst-tipped tentacles. But Moody’s study of 

Actinobolus reduced the ‘trichocysts’ to ‘dark granular trichocyst 

material.’! 

There is nothing comparable in structure nor, so far as has 

been proved, in function between trichocysts, in the original 

sense of the term, and the ‘offensive trichocysts’ described by 

Maupas, the ‘needleform trichocysts’ of other authors, or ‘tricho- 

cyst material’ of still others. Although in the present state of 

knowledge the line of demarcation is ill defined in many cases 

between bodies which are purely supporting in function, others 

which possibly are both supporting and offensive or defensive, 

and lastly true trichocysts, only confusion is served by extending 

the significance of the word trichocyst, which in sensu strictu has 

a very definite connotation, to widely divergent structures.?° 

Trichites. Although trichocysts are not present in Spathidium, 

there are slender rodlets imbedded like a paling in the thickened 
rim of the anterior end of the cell which give it a striated appear- 

ance under certain conditions. These apparently are what 

Moody (fig. 18) interprets as parallel thickenings of the cortex 

which reinforce the pharynx. As a matter of fact, the rodlets 

may be identified as trichites, provided the use of this term does 

not necessarily imply tnat they are the seat of the poison. In 

addition to the trichites in the oral region, it is possible to identify 

individual trichites distributed intheendoplasm of thecell. Some 

17G. N. Calkins, Didinium nasutum: I. The life history, Jour. Exp. Zodl., 

1915, vol. 19, p. 225. 

18 G, N. Calkins, The Protozoa, 1901, p. 50. 

19 Loc. cit., p. 3/2. 

20}. Maupas, Contribution 4 l’Etude Morphologique et Anatomique des 

Infusoires Ciliés. Arch. d. Zool. Exper. et Gen., 1883, (2),1, p.611. Y. Delage 

and E. Hérouard, La Cellule et les Protozoaires, Paris, 1896,.p. 434. 
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of these apparently are newly formed and being transported to 

the oral region, while others may well be trichites which have 

been torn away during the process of prey ingestion (fig. 12). 
In view of the fact that this organism paralyzes its prey, 

it is natural to seize upon the chief structural differentiation of 

the oral region as the locus of the poison. But on account of 

the problematical function of clearly defined trichocysts when 

present, and the absence of any proof that the trichites of Spath- 

idium are actually the seat of the poison, we prefer not to prejudge 

the question. Though, it is true, Blochmann in particular has 

interpreted the trichites of certain other ciliates as related to 

poison production. The trichites of Spathidium are apparently 

the “Tastkérperchen,’ identified by Stein in an organism which 

probably is a Spathidium, and the ‘trichocysts’ noted by Maupas. 

The trichites of Spathidium obviously are comparable to 

the rods which form a framework for the mouth in many of the 

more generalized gymnostomatous ciliates and undoubtedly are - 

homologous with the strands comprising the highly specialized 

Seizing organ of Didinium. Thon believed that in Didinium 

he could discriminate between trichites and ‘Stibchen des 
Reusenapparates,’ but no such distinction is possible in Spath- 

idium. The paling of trichites suggests that the whole surface 

of the truncated anterior end of Spathidium is homologous 

with the cytostome of such a form as Enchelyodon. In other 

words, the mouth proper of Spathidium is really the depressed 

area bounded by the slightly thickened edges of the anterior end of 

the animal. It is always open and leads to the slit-like cyto- 

pharynx immediately below, the sides of which remain appressed 

except when food is being ingested. This interpretation also 

seems to be supported by the method by which food is engulfed, 

which involves a grasping and ‘mouthing’ of the quarry by the 

region bearing the trichites. 

Contractile vacuole. The Spathidia of the cultures under con- 

sideration characteristically possess one large contractile vacuole 
situated at the posterior end of the cell, though under certain 

undetermined conditions animals now and then appear with two 
smaller, closely opposed contractile vacuoles in the same situation. 
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But sooner or later the two merge into one large vacuole. In 

this regard our animals are exactly similar to those in Moody’s 

cultures. . | 

Nuclei. The nuclear apparatus of Spathidium as exhibited 
by our animals is remarkably variable, though it agrees, in the 

main, with the description given by Maupas. The typical 

vegetative cell apparently contains two long ribbon-like macro- 

nuclei which extend nearly the whole length of the cell (fig. 

11). However, owing to the intertwining of these bands, we 

have been unable to decide whether they are actually distinct 

or whether they are united at the posterior end to form a single 

structure. It seems probable that both conditions occur be- 

cause the macronucleus varies considerably from day to day; 

very many otherwise typical animals showing the macronucleus 

fragmented into a few or many separate pieces. Thus far it has 

not been possible to associate these morphological macronuclear 

changes with characteristic events in the life-history. 

Maupas states that there are from six to nine micronuclei 

present in Spathidium and the same is apparently true for the 

organisms of our culture. Seven are visible in the animal illus- 

trated in figure 11. In the majority of cases they are difficult 

or impossible to identify owing to the fragmented condition of 
the macronuclear apparatus and the presence of remnants of 

the nuclei of ingested Protozoa. 

Moody was unable to discover any micronuclei in the animals 

of her culture and states: ‘‘Although it is generally thought 

that the possession of two types of nuclei is characteristic of the 

ciliates, the present observations give no evidence of this differ- 

entiation in Spathidium.’’! In this connection it is important 
to note that Moody says: ‘‘Conjugation was not observed, though 

numerous attempts were made to bring it about.” From the 

standpoint of the micronucleus, then, Moody’s animals were 

characteristically different from those of our cultures, which 

not only are micronucleate, but the micronuclei function in a 

typical manner during conjugation. Indeed, the chief value 

of the animals of this culture is the ease with which they may 

21G. N. Calkins, The Protozoa, 1901, p. 358. 
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be induced to conjugate.22. Moody’s amicronucleate race is un- 

doubtedly comparable with the amicronucleate races of various 

ciliates recently described by Dawson,”* Landis,?* Woodruff,” 

and Patten.” 

FEEDING BEHAVIOR 

Spathidium is one of the so-called hunter ciliates, employing 

for food the smaller ciliates which it captures during its peri- 

erinations. Maupas, in his study on the life-history of Infusoria, 

carried for a short time a culture of this organism which he fed 

chiefly on Glaucoma, Cyclidium, and Cryptochilum. Moody 

found it impossible to conduct her long pedigree culture without 

Colpidium for food and definitely states that she never saw any 

other ciliates paralyzed or eaten. The animals of our culture 

readily paralyze and swallow almost any small ciliate with which 

they come in contact, though flagellates of various kinds are 

immune. As a matter of fact, however, we have employed 

chiefly species of Colpidium for food because they can be de- 

veloped for the purpose in countless numbers so readily in small 

flasks of hay infusion. 

Spathidium typically swims pasa quite rapidly through 

the water, revolving on its long axis, and gives at first glance 

the impression that it is exploring its path with its truncated 

anterior end. This appearance results chiefly from the fact 

that the axis of revolution does not pass directly from posterior 

to anterior end, but leaves the body a short distance posterior 

to the mouth region. Accordingly, the narrower anterior end 

traces the circumference of a circle of greater diameter than 

the rest of the body, especially when the animal is swimming 

22 T,. L. Woodruff and Hope Spencer, The early effects of conjugation on the 

division rate of Spathidium spathula. Proc. Soc. for Exper. Biol. and Medicine, 
1921, 18. The survival value of conjugation in the life history of Spathidium 

spathula. Ibid, 1921, 18. 

23 J. A. Dawson, An experimental study of an amicronucleate Oxytricha. 

I, Jour. Exp. Zoél., 1919, vol. 29, p. 473. II, ibid., 1920, vol. 30, p. 129. 

24H}. M. Landis, Amer. Naturalist, 1920, vol. 54, p. 458. 

26 L,. L. Woodruff, Jour. Exp. Zoél., 1921, vol. 34, p. 329. 
26M. W. Patten, Proc. Soc. for Exper. Biology and Medicine, 1921, vol. 18, 

p. 188. 
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rapidly. In addition, the narrow anterior end is quite flexible, 
and this makes the behavior still more complex. 

A careful analysis of the reactions of Spathidium to various 

stimuli reveals quite clearly that in general its behavior can be 

interpreted in accordance with the ‘avoiding reaction’ as worked 

out for various Protozoa by Jennings. In most cases when a 

Spathidium, which is swimming forward, is stimulated, it reverses 

the effective stroke of the cilia, moves back for a short ‘distance, 
turns toward the side with the shorter anterior tip, and then 

proceeds forward again on a slightly different course. So far 

its behavior appears quite stereotyped. But not so when the 

anterior end strikes a small ciliate. Spathidtum now exhibits 

a series of reactions which may well be fundamentally of the same 

nature as its others, since Spathidium is limited, of course, by 
the means at its command, but no good purpose will be served 

by attempting to interpret it in the same terms. 

A casual survey of a number of hungry Spathidia swimming 

among Colpidia gives one the impression that the Spathidia 

chase their prey as one tiny ciliate after another falls victim 
to the earnivores—one of the most spectacular sights in the world 

of the Infusoria. But a careful study soon makes it clear that 

the captures are the result of the chance contact of the oral region 

of a Spathidium with a small ciliate. Indeed, when attempting 

to follow the movements of a single Spathidium through a heavy 

culture of Colpidia in order to study the details of the swallowing 

process, one is frequently astounded to find how easily they miss 

their prey! Nothing happens unlessthe quarry strikes the anterior 

end of the Spathidium nearly or quite in the center. Touching 

the edges produces no effect on either animal. 

But when a Colpidium or similar ciliate is fairly hit, the 

picture changes instantly with respect to both of the animals 

involved. The prey, which up to this moment was swimming 

rapidly, usually instantly becomes motionless and quickly shows 

pathological changes involving vacuolization of the cytoplasm 

and disintegration of the cilia. Sometimes, however, paralysis 

and death are not quite so rapid, and under these conditions the 

quarry appears to tremble and moves haltingly away for a short 
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distance. The behavior of Spathidium differs markedly under 

these two conditions. 
If the prey is instantly paralyzed it frequently remains against 

the oral region of its captor and the reactions of the latter are 

then relatively simple. The stimulus afforded by the contact 

immediately stops the forward movements of the Spathidium, 

which gives a few rapidly repeated avoiding reactions that 

tend to keep it at or near the spot where the capture was made. 

Meanwhile, the prey is moved around, apparently as a result of 

the combined activity of the longer oral cilia and the gradually 

expanding edges of the truncated end of the Spathidium, until 

it may conveniently be encircled. This process of mouthing 

successfully accomplished, nothing further is visible except the 

gradual sinking of the prey through the greatly expanded cy- 

tostome of the captor into the endoplasm (figs. 17, 18, and 19). 

From the point of ingestion the course of the food vacuole within 

the cell may be readily followed, especially when the prey has 

previously been fed with powdered carmine (cf. figs. 1 to 8). 
The whole process from contact to complete ingestion takes 

place in about thirty seconds, and the Spathidium, which usually 

sinks to the bottom during the process, within a few seconds 

more resumes its active foraging. Three such captures have been 

observed to occur within eight minutes. Even certain conditions 

which must be considered as highly abnormal apparently inter- 

fere not at all with food taking. For example, a Spathidium 

transfixed to a cover-glass with the needle of a Barber microdissec- 

tion apparatus will paralyze a Colpidium and swallow it, pro- 

vided, of course, the latter remains in contact with the mouth of 

the Spathidium. 
Although the behavior of Spathidium is characteristic and re- 

markable when it makes a direct capture, the most interesting 

and significant cases are those in which either the prey is not 

instantly paralyzed, so that it moves a short distance away, 

or, though rendered motionless, becomes removed from the oral 

region of the Spathidium. Under these circumstances, the fac- 
tors involved obviously become highly complex and the behavior 

of the Spathidium is not identical in any two cases. The study 
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of a large number of such captures, however, justifies, we believe, 

the following general description. 

When the prey fails to remain in contact with the oral region, 

the Spathidium immediately gives a series of avoiding reac- 

tions, which, unlike those that occur when the prey remains in 

contact, tend to increase in extent so that the organism not only 

remains in the general region in which the attack occurred, but 

Figs. 1 to 8. Food-taking by a single specimen of Spathidium spathula. 1. 
Animal when first observed. Contains one food vacuole enclosing a Colpidium 

(1). The contractile vacuole is shown at the posterior end of the Spathidium 

in all the figures. 2. Seizing a second (2) Colpidium. 3. Second Colpidium 

enclosed in food vacuole. 4. Third Colpidium being engulfed. 5. Third Colpid- 

ium in food vacuole. 6. Seizure of fourth Colpidium. 7. Fourth Colpidium 

within vacuole; food vacuole with first Colpidium no longer discernible. 8. En- 

gulfing of fifth Colpidium. Observations, extending over about an hour, and 

drawings by Miss J. Elizabeth Lovett, artist to the Osborn Zoological Laboratory. 
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also moves backward and forward in the neighborhood of its 

prey. It is obvious, of course, that such reactions sooner or 

later will again bring the mouth of the Spathidium in contact 

with the food. But, a careful analysis of many cases clearly 
shows that usually these stereotyped reactions are insufficient 

to account for the comparative precision exhibited by the Spath- 

idium in recovering its quarry. And further, the reactions of 

the Spathidium are successively modified so that, although it may 

have become removed several times its own length, within a 

relatively short time the oral region again comes in direct con- 

tact with the food, which is then engulfed in the manner pre- 

viously described. ‘This isa fact that we believe is indisputable. 

Of course, such a result as the above does not invariably occur; 

sometimes the prey is never found again. But, when all the 

complex factors involved are appreciated, it is remarkable how few 

paralyzed ciliates are lost. 

A Colpidium before being paralyzed has no effect whatsoever 

on Spathidium; after paralysis it appears to be a cénter of at- 

traction, and not only to the Spathidium whose oral region it 

touched, but also in a much less marked though significant 

degree to other Spathidia in the immediate neighborhood. This 
last observation naturally suggests the probable explanation. 

Chemical substances excreted by the dying organism, or secreted 

at the time of contact by the captor itself, afford a stimulus 

which results in the characteristic behavior of Spathidium. It 

is probable that the effective substance in question is secreted by 

the Spathidium itself because the oral region of the latter is 

frequently, especially after an unsuccessful capture, a stimulus 

to neighboring specimens. And the same factor may well be 

responsible for the peristomal fusion incident to conjugation. 

Whatever the explanation may be, the point not to be lost sight 

of is that Spathidium ‘senses at a distance’ its paralyzed prey. 

The reaction against the early anthropomorphic interpretations 

of the behavior of the Infusoria resulted in a conception of the 
simpler animals which almost left out of account the fact that 

they are organisms. ‘The study of Spathidium adds one more to 

the body of data being rapidly brought to the fore that makes 
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it increasingly difficult to interpret Protozoan behavior in simple 

terms. 

SUMMARY 

The essential points presented are: 

1. Spathidium does not possess trichocysts, and consequently 

the extrusion of such structures is not responsible for the paralysis 

of the prey. 

2. Trichites are present in the oral region, and form a paling 

which is apparently comparable with the supporting rods about 

the mouth in the more generalized gymnostomatous ciliates. 

There is no conclusive evidence that the trichites are the locus 

of the poison. 

3. Spathidium spathula, in our cultures, possesses clearly 

defined micronuclei. Therefore, the Spathidium studied by 

Moody must be interpreted as an amicronucleate race. 

4. The food of Spathidium is limited to small ciliates, but not 

to members of the genus Colpidium. 
5. Spathidium comes in contact with its prey solely through 

chance. 

6. Prey which has been paralyzed and has become removed 

from the oral region of the Spathidium is recovered in a majority 

of instances by a complex series of successively modified reactions, 

indicating ‘sensing at a distance.’ 

7. The factor involved in the ‘sensing at a distance’ is ap- 

parently a substance secreted by the Spathidium when the prey 

is paralyzed. ; 

May 6, 1921. 





PLATE 1 

EXPLANATION OF FIGURES 

9 Typical foraging Spathidium. 

10 A common form when food is searce. 

11 Optical section of total mount, stained with Delafield’s haematoxylin, 

to show macronuclear and micronuclear apparatus. Seven micronuclei are pres- 

ent, one at the posterior end above the contractile vacuole. 

12 Section (4z) to illustrate the anterior paling of trichites and the trichites 

distributed through the endoplasm; nuclear apparatus, ete., omitted. Heiden- 

hain’s iron haematoxylin. 
13 Form of Spathidium in an early stage preparatory to encystment. 

14 Form shortly before encystment. 

15 Spathidium dividing. 

16 Division nearly completed. 
17 to19 Spathidium swallowing a Colpidium. Successive stages. 

20 Form shortly after division or when quieting down preparatory to 

encystment. 

Drawn by Miss J. E. Lovett. 

204 



PLATE 1 STUDIES ON SPATHIDIUM SPATHULA 
L. L. WOODRUFF AND HOPE SPENCER 

a
 

SETS 
TS N

P
 
A
 

N
T
 

C
o
r
 

2 
O
F
 AE 

APART 
es 

x
 

g
u
e
s
 

e
a
d
 

I
 

a
 

ee 



Resumen por el autor, M. F. Guyer. 

Estudios sobre las citolisinas. 

III. Experimentos con las espermatotoxinas. 

Las gallinas sujetas a inyecciones repetidas de espermatozoides 

de conejo producen un suero espermatot6xico violentamente 

tOxico para los espermatozoides de conejo in vitro, y t6xico en 

varios grados para los espermatozoides in vivo. Como efecto 

extremo dicho suero t6xico puede inducir completa esterilidad 

y degeneracién de los tiibulos seminiferos. Las espermatotoxinas 

tOxicas para los conejos son también téxicas para los esperma- 

tozoides del conejillo de Indias in vitro. Los conejos pueden 
formar espermatotoxinas contra sus propios espermatozoides. 

Del mismo modo los conejos machos inyectados intravenosamente 

con espermatozoides de conejo presentan sus espermatozoides 

debilitados. Un conejo macho formard anticuerpos contra sus 

propios espermatozoides cuando estos son introducidos en su 

sangre. El hecho de que un animal puede formar anticuerpos 

contra sus propios tejidos cuando estos se desplazan o sufren 

lesiones puede ser importante bajo el punto de vista de la herencia. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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STUDIES ON CYTOLYSINS 

III. EXPERIMENTS WITH SPERMATOTOXINS 

M. F. GUYER 

Zoblogical Laboratory, University of Wisconsin 

ONE FIGURE 

After it had become established that the blood-serum of a 

given animal acquires a marked solvent action for the red blood 

corpuscles of another species if the red cells of the latter are in- 

jected repeatedly into the animal in question, similar experi- 

ments were tried with other kinds of cells. It soon became 

established that lytic or toxic sera could be developed against 

such substances as leucocytes, nervous tissue, and spermatozoa. 

As long ago as 1899! specific spermatolysins or spermatotoxins 

were produced which rapidly killed or at least immobilized the 

spermatozoa of the species of animal used as the source of the 

antigen. These early experiments were apparently all made on 

spermatozoa in vitro, not in the living animal. Later, however, 

De Lester reported having rendered male mice sterile for from 

sixteen to twenty days by the injection of such spermatotoxic 

serum. 
To one interested in cytological and genetical problems it 

becomes a matter of considerable importance to discover just 

what can be done toward affecting spermatozoa in vivo, and if 

they can be so affected, to determine how far back in their career 
the effect is observable. That is, does it modify only the adult 
spermatozoa, or does it influence also the spermatids, or possibly 

the spermatocytes? 

1 Metchnikoff. Ann. Past., XIII, 1899. Von Dungern. Miinch. med. Woch., 

S. 1228, 1899. 
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Again, from experiments of Guyer and Smith? with crystalline 

lens, it appears that antibodies for rabbit lens when introduced 
into the blood-stream of pregnant rabbits may occasionally 

attack the lens tissue of young in utero and also, directly or 

indirectly, specifically affect the germinal correlatives of this 

tissue in the germ-cells of such young. It is of great importance 

from the standpoint of heredity, therefore, to determine whether 

or not an animal can build antibodies against its own tissues 

when these become misplaced, altered, or injured in some way. 
If such auto-antibodies may on occasion be constructed, then 

the way seems clear to a reasonable inference of how certain 

types of germinal changes are induced. Because of their dis- 

tinctive nature and the ease with which they may be isolated, 

spermatozoa lend themselves admirably to such a test. 

Figure 1 

With these thoughts in mind, the experiments which follow 

were undertaken. The spermatozoa of rabbits were used as the 

source of the antibodies. The treated males were tested from 

time to time, both by breeding experiments and by direct micro- 

scopical examination of their semen. ‘To secure sufficient semen, 

a male was allowed to copulate two or three times with a female 

and the semen was drawn off from the latter by a pipette of 

a type devised by members of the Department of Genetics. The 

instrument (fig. 1) has a length of 18 cm., and is made of glass 
tubing, 6 mm. in diameter. 

RABBIT SPERMATOTOXIN IN FOWL-SERUM 

Experiment 1 

The first test was made with two males, one untagged and the 

other numbered 4A7. The three fowls used for sensitization 

were injected intraperitoneally on January 22nd, 29th, and 

2 Jour. Exp. Zoél., vol. 26, no. 1, May, 1918; ibid., vol. 31, no. 2, August, 1920. 
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February 5th, 14th, and 20th, respectively, in 1920, with the 

semen derived each time from three male rabbits, after the semen 

had had sufficient normal salt solution added to it to make a 

total quantity of 6 cc. This made a dosage of 2 cc. per fowl. 
Treatment of the two males with the sensitized fowl-serum was 

begun on March 6th. Both were first examined to see that 
their spermatozoa were normal in quantity and activity. The 

untagged male was given the following quantities of this serum 

on the dates indicated: March 6th, 3 cc. plus 1 ec. Locke’s 

solution; March 8th, 3 cc.; March 11th, 4 cc.; March 13th, 4.5 

ec.; March 15th, 4 cc. On March 3rd, when he was tested, his 
spermatozoa seemed normal in quantity and activity, and a 

female to which he was bred on March 13th bore six young. 
He had become very emaciated during later treatment and 
died March 18th before further tests could be made. 

The dosage and dates of treatment of male 4A7 with the sensi- 
tized fowl-serum were as follows: March 6th, 3 cc. plus 1 ec. 

Locke’s solution; March 8th, 3 ec.; March 11th, 4 ec.; March 

13th, 6 cc.; March 15th, 4 cc. After the first injection (March 

6th) he was mated in order to clear out all spermatozoa that 

might be in ducts outside the testes. On March 18th, three days 

after the fifth injection of sensitized serum, his spermatozoa were 

examined under the microscope. While they were less plentiful 

than under normal conditions, there was considerable activity 

among them. However, many immobile ones were visible. 

Female 80, to which he was mated on this date, bore seven 

young. His spermatozoa were again examined on March 19th. 

This time they were still fewer in numbers and most of them 

were immobile. However, 52A1, mated to him on this date, 

bore eight young April 21st. Four young were born by 55A4, 

bred to him on March 20th. His seminal fluid examined on 

March 23rd was normal in quantity and still had the same milky 

look as normal semen, but comparatively few spermatozoa were 
to be seen in the field under the microscope, and practically all 

of these were immobile. A search for fifteen minutes revealed 

only two spermatozoa in motion, and these showed only feeble 

undulations of the tail. Bred to 30A3 on this date, he showed 
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normal mating vigor, but no young resulted from the union. 

On March 27th, his semen was again examined microscopically. 

Spermatozoa were more plentiful than at the last examination 

and some of them showed considerable activity. Neither 

numbers nor activity were back to normal, however. His 

mating to 84 on this date yielded six young. On May 13th he 

was bred to 6A2. His semen, though normal in quantity, was 
almost devoid of spermatozoa. ‘The few which were present 

were wholly immobile. No young resulted from this mating. 

On June 1st he was mated to 31A3 without issue. His semen 

was almost free from spermatozoa. Here and there an immobile 

one was visible and very rarely a mobile one. June 12th, condi- 

tions were practically the same. A mating to 7A1 yielded no 

young. 
This male (4A7) was then left with a female from June 12th 

until the middle of October, when he was killed for a study of his 

testes. Although he copulated with the female from time to 

time, no young were born. His semen was examined again 

July 3rd and seemed to be wholly devoid of spermatozoa. Upon 
removal, the testes were found to be somewhat smaller than usual 

for a rabbit of his size and somewhat flabby. Upon sectioning, 

however, no differences could be discerned between his seminif- 

erous tubules and those of a normal male rabbit. The usual 

series of spermatogonia, spermatocytes, spermatids, and sperma- 

tozoa in all stages of transformation were in evidence. More- 

over, some of the spermatozoa teased out of the epididymis and 

examined in normal saline solution were feebly motile, though 

most of them were inactive. In the case of this particular indi- 
vidual, at least, the sterilizing effects of the spermatotoxic 

serum apparently did not extend back beyond the mature 

spermatozoa. 

From time to time tests were also made of the spermatotoxic 

action in vitro of the sensitized fowl-serum. For example, on 

March 8rd and March 4th the serum of fowl no. 1 was tested. 

Hanging-drop preparations were made of: 1) normal rabbit 
spermatozoa in normal saline solution; 2) normal rabbit sperma- 

tozoa in normal fowl serum, and, 3) normal rabbit spermatozoa 
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in spermatotoxic fowl serum. The spermatozoa in the spermato- 

toxic serum were largely immobilized at the end of ten minutes, 

and wholly so at the end of thirty minutes. The spermatozoa 

in normal fowl serum were still active at the end of an hour, 

when a gradual slowing down of motility set in. The spermato- 

zoa in normal saline solution were moving about with undi- 

minished activity at the end of three hours, when observations 

were discontinued. 
To each of two test-tubes, one of which contained 2 ce. of 

spermatotoxic serum and the other 2 cc. of normal fowl-serum, 

a cubic centimeter of normal rabbit spermatozoa in normal 

salt solution was added. The tubes were then placed in an 

incubator at 38°C. and examined twenty-four hours later. ‘The 

spermatozoa in the normal serum, though immobile, were intact; 
those in the sensitized serum were much fragmented, particularly 

tails and heads were separated as if a very soluble or digestible 

point existed in the region of the middle-piece. The same 

phenomena were observed in hanging-drop preparations similarly 

left over night. Also, there had been a very marked agglutina- 

tion of the spermatozoa in the spermatotoxic serum. ‘There 

had been some agglutination, though not so much, in the normal 

serum. 
On March 4th the foregoing tests were repeated with the 

serum of the second sensitized fowl, with practically the same 

results. 
On March 11th similar tests were made with the serum of the 

third sensitized fowl. This serum proved to be more active 
than that of the other two fowls. In a mixture of 1 part of the 
sensitized serum and 1 part normal salt solution the spermato- 

zoa of a normal rabbit were practically all immobilized by the 
end of five minutes, although some were still alive at the end of 

an hour in a similar dilution of normal fowl serum. Various 
other dilutions were tried, as 1 part serum to 2, 3, and 4 parts of 
normal saline solution, respectively. In the 1-to-3 dilution 

of spermatotoxic serum the spermatozoa were immobile at 

the end of ten minutes; in the 1-to-4 dilution slight motion was 
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visible at one or two places of the microscopic field for over twenty 
_ minutes. In corresponding dilutions of the normal fowl serum 
motion continued for hours. 

Experimeni 2 

In the meantime, in April, a new set of experiments was 

begun. April 1st five fowls were injected subcutaneously (two 
injections in one of the fowls were intravenous) with the semen 

from four male rabbits, obtained from females as in the earlier 

experiment. Sufficient normal saline solution was added to 
the semen to make a dose of 3 ec. for each fowl. One fowl died 

two days later. April 8th, the remaining four fowls were injected 

subcutaneously with the semen from three male rabbits, and 

this treatment was repeated on April 15th, April 24th, and May 

Ist. Two males, 25 and 83, were selected for tests with the 

spermatoxic serum. Both were first mated to test their fertility 

by breeding and by microscopic examination. 

Male 25 was mated to 52A5 on April 13th (three young were 

born of this union) and microscopical examination of his sperma- 

tozoa showed them to be very active and plentiful. Samples 

placed in the sensitized fowl-serum were markedly agglutinated 

and all were immobilized within three minutes. He was given 

intravenous injections of the sensitized fowl-serum as follows: 

May 15th, 3.5 cc.; May 17th, 4 cc.; May 20th, 4.5 ec.; May 26th, 

4.5 ec.; May 28th, 4.5 cc. On May 22nd his semen showed a 

reduced number of spermatozoa with many immobile ones in 

the field; however, others showed considerable activity. A 

mating to female 32A2 on this date yielded seven young. On 

June 12th, though much reduced in numbers, many of his sper- 

matozoa as seen under the microscope were active. A mating 

to female 4A3 yielded no young. July 10th, while his sperma- 

tozoa were much reduced in numbers, some were still active, 

although most of those visible were immobile. Female 54A3, to 
which he was bred on this date, had no young. On October 6th 

his sperm was again examined microscopically. While reduced 

in quantity to what a rough estimate placed at one-fourth 
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normal when compared with the normal control, a much greater 

proportion of them were active than at the last examination. A 

mating to female 52A5 on October 6th yielded four young. 

The spermatozoa of the other male, 83, were found to be 

normally plentiful and active when he was mated to 8A8 on 

May 13th. He was given intravenous injections of the sensi- 

tized fowl serum as follows: May 15th, 3.5 ec.; May 17th, 

4 ec.; May 20th, 4.5 ec.; May 26th, 4.5 cc.; May 28th, 4.5 ce. 

On May 22nd, microscopic examination showed his spermatozoa 

to be about normal in number, though many immobile ones were 

to be seen. A mating to 32A3 on this date yielded seven young. 

On June 12th he was mated to 23B3 and six young were born 

July 14, one of which had both hind legs paralyzed. The semen 

of male 83 on June 12th was normal in quantity, though the num- 

ber of spermatozoa was noticeably reduced. Many of the 

latter, however, were active. Conditions were about the same 

on July 3rd. A mating to 55A4 on this date resulted in the birth 
of eight young. A mating to 43 on October 8th yielded no 

young, although an examination of the semen still revealed 

some active spermatozoa. 

A control male (untagged) was injected with normal (i.e., 

not sensitized) fowl-serum as follows: May 15th, 4 ec.; May 

17th, 4 cc.; May 20th, 5 cc.; May 22nd, 4 cc.; May 28th, 5 ce. 
His semen, examined microscopically May 22nd, June 12th, 

and July 10th showed no diminution in numbers of spermatozoa 

nor in their motility. Matings on these dates resulted in litters 

of five, five, and seven, respectively. 

Tests were also made of the cytotoxic activity in vitro of the 

respective sera of the four fowls used in this second experiment. 

The serum of the first fowl (May 13th) immobilized the sperma- 

tozoa of male 25 and male 83 within three minutes. Those of 

25 were markedly agglutinated, those of 83 showed little or no 

agglutination. This serum was from the fowl which had re- 

ceived two intravenous injections of rabbit sperm. The serum 

of the second fowl (May 17th) immobilized normal spermatozoa 

within five minutes. Controls in normal fowl serum were still 

moving vigorously thirty minutes later, when observations were 
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discontinued. ‘The serum of the third fowl (May 26th) immo- 

bilized normal spermatozoa in from five to seven minutes. In 

a 2-to-1 dilution of the sensitized serum with normal saline 

solution normal spermatozoa were immobilized in thirty minutes, 

while in a similar dilution of normal serum they were still active 

at the end of forty minutes. The undiluted serum of the fourth 

sensitized fowl immobilized normal rabbit spermatozoa in ten 

minutes; normal fowl-serum did the same in thirteen minutes. 

Sensitized serum of the fourth fowl, diluted with an equal volume 
of normal saline solution, immobilized normal rabbit spermato- 

zoa in ten minutes; similarly diluted normal fowl serum did so in 

twenty-three minutes. Diluted with 3 parts of normal saline 

solution, this same sensitized serum immobilized normal rabbit 

spermatozoa in ten minutes; normal fowl-serum similarly diluted 

- did so in thirty minutes. One part of the sensitized serum and 

5 parts of normal saline solution produced immobility in such 

spermatozoa in seventeen minutes; in a similar dilution of the 

normal serum, some activity was observable nearly two hours 

later, when observations were discontinued. 

In the meantime tests were also being made on the spermatozoa 

of a guinea-pig with the serum from the fourth fowl sensitized 

against the spermatozoa of the rabbit. This serum diluted with 

5 volumes of normal saline solution immobilized the spermatozoa 

of the guinea-pig in twenty-five minutes; in normal fowl serum 

similarly diluted such spermatozoa were still active three hours 

later, when observations were discontinued. In a mixture of 

1 part of the sensitized serum to 10 parts of normal saline solu- 

tion, the spermatozoa of the guinea-pig were immobilized in a 

little over thirty minutes, while in the control of normal fowl 

serum similarly diluted they were still active three hours later. 

Nearly a year later, April 5, 1921, males 25 and 83 were 

again tested for fertility. Male 25 had many active spermatozoa 

in his semen, although the total number was below normal. A 

mating made with him on this date yielded six young. The 

semen of male 83, however, when examined microscopically, 

appeared to be free from spermatozoa and the female bred to him 

bore no young. 
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Male 83 was killed April 11, 1921, and the testes were removed 

for further study. The right testis was of about average normal 

size, but the left was very small—not more than one-fifth the 
mass of the other. Sections were prepared from various regions 

of each testis. Although the right appeared normal when in- 

spected superficially, microscopic examination revealed that it 

was entirely devoid of spermatozoa, spermatids, and secondary 

spermatocytes. Some of the seminiferous tubules contained 

only a peripheral layer of spermatogonia and generally these were 

reduced in number. In such tubules the field lying inward 

toward the lumen was usually occupied by a more or less loose 

fibrous reticulum. Other tubules showed numerous primary 

spermatocytes, but these rarely progressed in spermatogenesis 

beyond the contraction phase of nuclear change. Many tubules 

contained degenerating primary spermatocytes with dense, 

nondescript nuclear masses which stained intensely black with 

iron-hematoxylin. In some instances the entire microscopic 

field was filled with an indiscriminate mixture of necrotic 

nuclear and cytoplasmic substance, staining deeply with iron- 

hematoxylin. 

Why the critical point at which deterioration becomes mani- 
fest should le in the primary spermatocyte and whether it is 

concerned in any way with synapsis seems unanswerable at 

present. It is an interesting fact that in my earlier studies’? on 

pigeon hybrids and on guinea-chicken hybrids, abnormalities in 

nuclear activity likewise came into evidence at the synaptic 

period of spermatogenesis. In the case of such hybrids I attrib- 

uted the irregularities to incompatibilities between chromosomes 

of widely divergent parentage which prevented normal pairing of 

chromosomes. Such an explanation, even if true for hybrids, is 

obviously inadequate in the present instance. Al] that canbe 

said with any assurance is that primary spermatocytes seem to 

be particularly susceptible to injurious influences of different 
kinds. 

The left testis of rabbit 83 was entirely devoid of seminiferous 

tubules. It seemed to have been reduced to a nodule of dense 

* Bul. 22, Univ. of Cincinnati, 1903. Jour. Morph., vol. 23, no. 1, March, 1912. 
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connective tissue. Traces of epididymis could be identified, 

but all germ cells had disappeared. 

It is obvious from experiments 1 and 2 that fowls injected 

repeatedly with the spermatozoa of rabbits will produce a sperma- 

totoxic serum that is violently toxic in vitro and also toxic to 

some degree in vivo. Of the three male rabbits (447, 25 and 83) 

which survived the treatment, 4A7, judging from the breeding 

test, had become completely sterile. However, his semen was 

entirely free from living spermatozoa for only a few weeks. No 

degenerative changes could be detected in his testes when sec- 

tioned and examined microscopically. Male 25 did not become 

sterile, at least for a prolonged period, according to the breeding 

test, although as a result of the treatment his semen showed a 

marked decrease in the number of inactive spermatozoa among 

those which were present. Male 83, however, not only became 

sterile, but exhibited a marked atrophy of the left testicle and 

pronounced degenerative changes in the seminiferous. tubules 

of the right testicle. Spermatotoxins generated against the 

spermatozoa of the rabbit were also toxic in vitro for the sperma- 

tozoa of the guinea-pig. 

ISOSPERMATOTOXINS AND AUTOSPERMATOTOXINS IN RABBITS 

Experiment 3 

The purpose of the remaining experiments was to determine if 

an animal can be made to produce antibodies against its own 

tissues. Spermatozoa of rabbits were used as the elements to 

be so tested. 
Two male (32A4 and an untagged one) and two female rabbits 

(32A2 and 6A3) were employed in experiment 3. For each 

treatment the semen of several males was drawn off from females 

in the manner already described and mixed with sufficient normal 

saline solution to provide a dose of about 3 cc. for each rabbit 

injected. Injections were made into the marginal vein of the 
ear. The dosage was as follows: October 18th, semen from 

three males; October 25th, the same. Male 32A4 died im- 

mediately after the second injection, but whether from thrombus 
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formation or anaphylactic shock could not be determined. 
November Ist, the three remaining individuals were injected 

with the semen from three males, and this was repeated November 

8th and November 15th. 

The serum of the sensitized male (untagged) was tested 

November 22nd. The spermatozoa of this male and those: of a 

normal male were first tested in normal rabbit serum diluted 

with 3 parts of normal saline solution. In this mixture the 

spermatozoa of the sensitized male had ceased activity at the 
end of three hours, while those from the normal male were 

still very active the next morning, fifteen hours later. It would 

seem from this that the intravenous injections of spermatozoa 

which the treated male had received had rendered his spermato- 

zoa much less viable than those of an untreated rabbit. 

Normal rabbit spermatozoa placed in the serum of the sperm- 

sensitized male were somewhat reduced in activity at the end of 

four hours and were wholly inactive next morning, fifteen hours 

later; normal spermatozoa in normal rabbit serum, used as a 

control, were still active at the end of twenty-four hours, when 
observations were discontinued. The spermatozoa of the treated 

rabbit when placed in his own serum were wholly immobilized 

by the end of seven minutes. 
Tests made on normal spermatozoa with the blood of the 

sensitized female, 6A3, gave results similar to those obtained 

with the serum of the sensitized male. However, the sperma- 

tozoa of the treated male survived two hours and fifteen minutes 

in the serum of 6A3 as against seventy minutes in his own. 
A duplicate set of experiments on the serum of this male and 

female yielded results so nearly identical to the first set that 

they need not be given in detail. Again the spermatozoa of the 

treated male survived longer (one hour) in the sensitized serum 

of the female than they did in his own serum. 
On November 24th similar tests were made with the serum of 

the same male and with that of the sensitized female, 32A2. 

This female had borne four young November 18th, and the blood 

of one of these was also tested. Normal spermatozoa in normal 
rabbit serum were still in motion at the end of forty-six hours, 
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when observations were discontinued; in the serum of 32A2, 

however, they were immobilized in a little over an hour; in the 

serum of one of her young they remained active about thirty 
hours; in the serum of the treated male they had ceased activity 

_ by the end of forty-three minutes. The spermatozoa of the 
sperm-treated male were also tried out in the various sera. In 

his own serum they were immobilized in less than half an hour; 

in the sensitized serum of female 32A2 most of them were immo- 

bilized by the end of an hour, though a few were still moving 

feebly two hours later, when observations were discontinued 
for the day. Those placed in normal serum and in the serum of 

the young of 32A2 still showed considerable motion at this time, 

although their activity was noticeably more reduced in the 

serum of the young one. Both lots had ceased to move by the 
next morning, therefore the exact time at which each had become 

inactive was not determined. 
The results of experiment 3 show that active spermatotoxins 

can be built up in rabbits against the spermatozoa of rabbits. 

Also, apparently, male rabbits injected with rabbit spermatozoa 

have their own spermatozoa greatly weakened. In this experi- 

ment the serum of the male became more toxic than that of the 

females, but it does not follow, of course, from a single experi- 

ment, that this is the rule. The serum of a young rabbit three 

days old, born of a sensitized mother, was toxic, but much less 
so than that of its mother. 

Experiment 4 

The experiment was next made to determine whether or 

not a given individual will form antibodies against its own sperma- 

tozoa when these are introduced into the blood. On December 

8th males 58 and 29A3 were bred to separate females and each 

was then injected intravenously with his own semen. On 

December 15th this was repeated with 58, but 29A3 seemed 
unable to mate and he was abandoned. Male 53B2 was mated 

instead (December 16th) and injected. On December 18th, 

58 was mated again and injected as before with his own semen. 

i i i i at 

sh 
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December 26th blood was drawn from 58 and from a normal 

male and the sera tested. Normal spermatozoa in the serum of 

58 were completely immobilized at the end of twenty-four hours; 

in the normal serum they were still moving considerably at the 

end of thirty-two hours, when observations were discontinued. 

The spermatozoa of 58 when placed in his own serum showed no 

movement after eleven hours, but in normal serum they showed 
activity, though very feebly toward the last, for over twenty-four 

hours. From this test it was evident that rabbit 58 was forming 

spermatotoxin against his own spermatozoa. 

On January 7, 1921, 58 and 53B2 were each given an injection 

of his own spermatozoa. About two hours later 53B2 became 

paralyzed in the hind legs, and as he did not recover he was 
killed January 17th. Before he was killed his blood serum was 

tested. Normal spermatozoa in this serum were for the most 

part inactivated by the end of six hours. In the control of 

normal spermatozoa in normal serum considerable activity was 

still in evidence at the end of thirty hours, when observations 

were discontinued. 

On January 14th rabbit 58 was again injected with his own 

spermatozoa, and this treatment was repeated on January 21st 

and 24th, respectively. Thus male 58 received eight intravenous 

injections of his own spermatozoa in all. His blood-serum and 

his spermatozoa were both tested February 3rd. Normal 

spermatozoa in the serum of 58 were mostly immobilized at the 

end of six hours, although a few maintained feeble movement 
for twenty-four hours. In the control of normal spermatozoa in 

normal blood-serum, many of the spermatozoa were fairly active 

at the end of thirty-four hours when observations were discon- 
tinued. The spermatozoa of 58 in his own serum were wholly 

immobilized at the end of five hours, while immobilization did 
not occur in normal rabbit blood-serum until the end of twenty- 

five hours. 
Male 32A1, substituted for the male (53B2) which developed 

paralysis of the hind legs, was injected with his own spermatozoa 

on the following dates: January 17th, 24th, 31st, and February 

7th. His spermatozoa and blood-serum were tested February 
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17th. A microscopical examination of the fresh semen showed 

that the spermatozoa were reduced in number and that many 

of them were immobile. Normal spermatozoa were immo- 

bilized in the serum of 32A1 in three and a half hours, although 
they were still active in normal serum at the end of twenty-four 

hours. The spermatozoa of 32A1 in his own serum were immo- 

bile at the end of two and one-half hours; in normal serum, at 
the end of four and one-half hours. 

From the foregoing experiments it is evident that not only 

does the blood serum become toxic for spermatozoa as the 

result of intravenous injections of the animal’s own spermatozoa, 

but the living spermatozoa of such treated males also are affected 

in some way, since they are much less viable, even in normal 
serum, than are the spermatozoa of the untreated males. It 

was reasoned that this might be due to a specific effect in vivo 

of the spermatotoxic serum on the spermatozoa in question, 

or it might be simply the result of a general lowering of the 

animal’s vitality, due to the introduction of considerable quanti- 

ties of a foreign or an unaccustomed protein into the blood stream. 

To test this point spermatozoa from a male (90A2) which had 

received several intravenous injections of typhoid vaccine, 

followed by two heavy intravenous injections of living typhoid 

germs, were employed. The blood of this male was at its 

highest titre for the Widal reaction when used in the present 

experiment, March 3rd. For the test equivalent quantities of 

the spermatozoa of the male (90A2) treated with typhoid germs, 
the male (32A1) with spermatotoxie serum, and a normal male 

(4A8) were taken. In the spermatotoxic blood-serum of 32A1, 

his own spermatozoa were all immobilized at the end of twenty 

hours, but the spermatozoa of the other two males still showed 

some activity at the end of thirty hours, when observations were 
discontinued. In the serum of the normal rabbit the spermato- 

zoa of 32A1 showed but little activity at the end of twenty hours, 

while those of the other two males were still active and remained 
so for hours. In the serum of 90A2, the rabbit treated with 

typhoid germs, the respective results with the three sets of 

spermatozoa were the same as in normal serum. Obviously, the 
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results of these tests indicate that the vitality of the spermatozoa 

of the sperm-treated males has been impaired in vivo by the 

spermatotoxic serum rather than as the result of a general con- 

stitutional weakening due to the presence of a foreign protein in 

the blood. 

From time to time, in testing the spermatotoxic sera of various 

males, it was observed that while the great majority of spermato- 

zoa were speedily immobilized in such sera, a few would flicker 

feebly for hours longer. It was inferred that this was due to the 

using up of the alexin (complement) of the spermatotoxic serum 

in the immobilizing reaction. With this gone, there was no 

reason why the spermatozoa should not live as long in such 

serum as in normal serum. ‘To put the matter to a test, sperma- 

totoxic serum was drawn from male 32A1, February 17th, and 

divided into two parts. One of these was ‘inactivated’ (alexin 

destroyed) by heating it to 56°C. for thirty minutes. A control 

of normal serum was also used. Normal spermatozoa subjected 

to the spermatotoxic serum of 32A1 were immobilized by the 

end of three and one-half hours, but were still moving in the 
inactivated spermatotoxic serum and in the normal serum twenty- 

four hours later when observations were discontinued. The 

spermatozoa of 32A1 were immobilized in his own serum at the 

end of two and one-half hours, although in his inactivated 
serum they continued to be very active at the end of this time 

and still showed considerable motion at the end of seven hours. 
Various investigators have described degeneration of the 

seminal epithelium in different mammals due to occlusion or 

resection of the ductus deferens. Kuntz,‘ for instance, finds that 
ligature and resection of the right ductus deferens in dogs in- 

duces degeneration of the seminal epithelium not only of the 

right but in the left testis as well. In view of the fact, estab- 
lished through the present investigation, that an animal will 

develop a toxin in its blood serum poisonous to its spermatozoa 
and germinal epithelium when its own spermatozoa are intro- 

duced into its blood stream, the possibility suggests itself that 
the degenerative changes in seminal epithelium which follow 

4 Anat. Rec., vol. 17, no. 4, Dec. 20, 1919. 
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resection or occlusion of the ductus deferens may similarly be 
due to the action of a spermatotoxin. For spermatozoa which 

could not leave the testis must ultimately die and be resorbed, and 
it seems probable that upon their resorption spermatotoxins 

would be formed which could attack the living germ-cells of the 

testis. Depending upon the virulence of such toxin, complete 

or partial sterility might ensue. However, that occlusion of 

the efferent duct of one testis does not always prevent the forma- 

tion of spermatozoa by the other testis—at least permanently—is 

evident from the many cases known in man where an orchitis 

or an epididymitis of one testicle has resulted in such occlusion 

on one side, and yet the individual has remained fertile. 

SUMMARY 

1. Spermatotoxic sera, prepared by injecting fowls repeatedly 

with the spermatozoa of rabbits, are toxic in vitro for the sperma- 

tozoa of both rabbits and guinea-pigs. 

2. When introduced into the blood stream of male rabbits 
at intervals for four or five weeks, such serum produced partial 

or complete sterility. Inactivation of many spermatozoa, reduc- 

tion in numbers, or even complete disappearance from: the 

semen occurred. In one case the sterility was partial or tempo- 

rary; in a second, complete, when judged by the breeding test, 
although the germinal epithelium appeared to remain normal 

and a few spermatozoa were visible; in a third, complete, accom- 

panied by marked degenerative changes in the testicles. 

3. Microscopical examination of the testes of the latter indi- 

vidual (rabbit 83) showed that not only were the mature spermato- 

zoa affected, but disintegrative changes had taken place or were 

in progress in the seminiferous tubules. 

4. The blood-serum of a rabbit injected intravenously with 
its own spermatozoa becomes highly toxic for the spermatozoa of 

rabbits, including its own. 

5. The spermatozoa of a rabbit which has been repeatedly 

injected with its own semen are much less viable, both in normal 
rabbit serum and in spermatotoxic serum, than are normal 

spermatozoa. Presumably such spermatozoa have been in- 
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fluenced specifically in vivo by the spermatotoxic serum of their 

own host. 

6. Since an animal can thus on occasion build antibodies 

against its own tissues when these have become misplaced or 

altered, and since antibodies can directly or indirectly affect 

the germ-cells, it is reasonable to suppose that such influences 
may be the source of certain germinal variations. 



Resumen por la autora, Bessie Noyes. 

Estudios experimentales sobre el ciclo vital de un rotifero que se 

reproduce por partenogénesis (Proales decipiens). 

El presente trabajo es una descripcién del ciclo vital normal 

del rotifero Proales decipiens, incluyéndose en él resultados que 

demuestran la ausencia de una disminucién del vigor de la raza 

estudiada durante 250 generaciones partengenéticas. En el 

habit natural de la especie no se han encontrado machos, ni 

tampoco aparecieron cuando se modificaron experimentalmente 

las condiciones ambientes con relacién a la naturaleza y con- 

centracién de los alimentos, su constitucién quimica y la tem- 

peratura. Con el intento de aumentar la puesta de los huevos 

la autora ha llevado a cabo la seleccién durante tres meses y 

también con el intento de aumentar la duracién media de la 

vida obteniéndose en ambos casos resultados negativos, mien- 

tras que el tratamiento por el alcohol etilico en 1/4 por ciento y 

1/2 por ciento de concentracién durante veinte semanas influy6 

muy poco sobre la duracién de la vida, aun cuando hubo una 

reduccién del nimero de huevos producido. Esta reduccién 
no fué retenida por la progenie mas alla de la tercera generacién 

al volver a las conditiones normales de cultivo. 

Translation by José F. Nonidez 

Cornell Medical College, New York 



AUTHOR’S ABSTRACT OF THIS PAPER ISSUED 

BY THE BIBLIOGRAPHIC SERVICE, DECEMBER 1 

EXPERIMENTAL STUDIES ON THE LIFE-HISTORY 
OF A ROTIFER REPRODUCING PARTHENO- 

GENETICALLY (PROALES DECIPIENS) 

BESSIE NOYES 

Zoological Laboratory of the Johns Hopkins University 

CONTENTS 

FEE ROUME UL Ome P rts, Pe ee erate cre tne eh eo eR Wee Sthed Soh atic be Bice noe 225 

The normal life-history and reproduction, with vital statisties............ 227 

Pe males occur? -Anexperimentalistudy.. i... 4.525 2505 Dees foe oe wees: 233 
plehnemeiee tO teSe) Ce Gl OTe operas eye eB hore cck Secs cach soo Seon og oregano Cus eeoveen susie eae 239 

The effect of alcohol im relation to inheritance...........-...-.«::e0s+s+ess 244 

SMELL GO ert es ee ta eee ce ors oh oe er ose es oe eds coe Lavoe 253 

LE RUSTAN RTS CRE He te aA st eae edo) aa Ee Oe Were ORE e fer 254. 

INTRODUCTION 

Proales decipiens, a small rotifer belonging to the family of 

Notommatidae, presents unusual opportunities for studies on the 

life-history of the Rotifera, for work on long-continued partheno- 

genesis, and particularly for attempts to alter racial charac- 
teristics by selection or by environmental action. The animal 

lives in cultures of decaying vegetable material; it thrives in the 

hay infusions, malted-milk solutions, and the like, commonly 

employed for cultures of Paramecium. It is extremely hardy, 
readily lends itself to culture of isolated individuals on hollow- 

ground slides, and thrives under wide ranges of environment. At 

laboratory temperature it begins to produce eggs twenty-four 

to thirty-six hours after hatching. The number is low on the 

first day, increases gradually until the fifth day, then declines 

sharply, and egg production ceases on the seventh or eighth day, 

and the death of the adult follows in one or two days. Ina 

typical life-cycle an egg deposited by the mother hatches in 
twelve to twenty-four hours; the embryo reaches the egg-laying 

period in twenty-four to thirty-six hours after hatching and 
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deposits on the average one egg the first day, three the second, 

five the third, seven the fourth, three the fifth, one the sixth, 

and death occurs on the seventh day of maturity. 
The organism is cylindrical, soft, slender, and worm-like, with 

an undeveloped foot and small toes; the eye is small, red, and 

located on one side of the brain. The color varies from white in 

young specimens to dark brown in mature forms near the close 
of the life-cycle. Movement through the water is rapid for the 

first two or three days of the life-period, but gradually the size 

of the organism increases, a substance of a dark brown color is 

deposited within the body, and movement becomes increasingly 

sluggish. As ordinarily found, the animals are all females and 
reproduction is entirely by parthenogenesis. 

Thus the creature furnishes us a hardy animal, readily culti- 
vated in small compass, passing through the cycle of birth, 

infancy, maturity, old age, and natural death within eight days, 

and yielding within that time a large number of progeny, pro- 

duced without that admixture of germ cells from diverse parents 

which so greatly complicates the problems of heredity and varia- 

tion in most organisms. It has in these respects the advantages 

of an infusorian reproducing vegetatively, with the important 

diversity that here we have opportunity to study uniparental 

inheritance through germ cells. 

The present paper gives an account of the normal life-cycle, 

with appropriate vital statistics; an experimental and observa- 

tional study of the question as to the appearance of the male sex 

and fertilization; a study of variation and the results of selec- 

tion during parthenogenesis, and an account of attempts to alter 

the hereditary characteristics through the action of environmental 

agents. 

All the organisms studied have descended from one individual 

isolated by Dr. H. S. Jennings during the first week in February, 

1919, with the exception of five ‘wild’ specimens which were 
later found and cultivated for the sake of comparison. 

Proales will live and reproduce in cultures containing decaying 

vegetable material, in hay infusion, in solutions of pasteurized 
milk, and other similar media, but in the present work it was 
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found that the greatest degree of uniformity could be obtained 
with a solution of malted milk. A stock solution of 4 of 1 per 

cent strength was made from Horlick’s Malted Milk in powder 

form as follows: 4 gram of the powdered milk was weighed and 

put in a glass beaker; approximately 5 cc. of boiling water was 

added, and the powder stirred until in suspension and free from 

lumps, when the remainder of the 100 ce. of boiling spring water 

was added. This solution was than put into a liter graduate and 

filled to 800 cc. with filtered cold spring water. A still greater 

degree of uniformity in culture medium could have been obtained 
with distilled water, but Proales did not thrive well in cultures 

made in this way. 

In a study of individual performance, or in pedigreed cultures, 

a single organism was isolated in 5 drops of culture fluid in each 

of the depressions of a hollow-ground slide; these slides were 

kept on glass plates in large covered Stender dishes partly filled 

with water to prevent evaporation of culture fluid. Reserve 

mass cultures were always kept in small watch-glasses with 

about 5 ce. of malted milk, changed once each week. 

The early deposition of eggs, together with the rapidity with 

which these eggs hatched and produced other egg-laying indi- 

viduals in their turn, necessitated the examination of all slides 

once in every twenty-four hour period, and if individual data were 
to be obtained for the eggs it was necessary to remove each to a 

separate depression. Various modifications of the general 

method were made to meet the requirements of the different 

changes in environment, but these can best be discussed in the 

section to which they particularly belong. 

THE NORMAL LIFE-HISTORY 

The normal life-cycle of Proales is complete within eight 

days, although great variation occurs even when the organisms 

are kept under constant conditions of temperature and food. 

Early in the history of the race (second week of February, 1919) 

among 100 isolated individuals cultivated in ~; per cent malted 

milk at laboratory temperature, 69 lived for 5 days, 27 for 4 days, 

and 4 for 3 days, giving an average length of life of 4.65 days. 
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Five months later (in June, 1919), among another 100 or- 

ganisms isolated under the same experimental conditions, 42 lived 
for 7 days, 39 for 6 days, 15 for 5 days, 2 for 4 days, and 2 for 

3 days, giving an average length of life of 6.17 days. This 

increase in the length of life, accompanied by a marked increase 

in the number of eggs deposited, formed the basis for an experi- 

ment in selection in an attempt to increase both of these factors 

beyond the limits indicated above, as detailed in a later section. 
A tabulation of 1200 individuals reared at laboratory tempera- 
ture (47° to 63°F.) in +; per cent malted milk at various times 

during the study shows that 295 lived for 7 days, 357 for 6 days, 

382 for 5 days, 127 for 4 days, 35 for 3 days, and 4 for 2 days, 
giving an average length of life of 5.60 days (table 1). Under 

these conditions, with food constant and temperature variable, 

the individual range of life was from two to seven days with an 

average life cycle of 5.47 days for 1400 individuals. In an 

experiment with 254 organisms isolated in ; per cent malted 
milk and kept constantly at 23° to 25°C., it was found that 9 

lived for 7 days, 56 for 4 days, 84 for 5 days, 60 for 4 days, 33 

for 3 days, 10 for 2 days, and 2 for 1 day, giving an average 

length of life of 4.68 days. 

TABLE 1 

A table of the length of life of 1200 individuals (100 in a group) reared in 7s per cent 

malted milk at laboratory temperature 

2 DAYS 3 DAYS 4 Days 5 DAYS 6 DAYS 7 DAYS TOTAL 

a 27 69 100 

2 2 15 39 42 100 

8 26 66 100 

2 2 15 39 42 100 

2 5 19 34 29 11 100 

2 4 27 38 29 100 

2 8 20 29 41 100 

3 9 23 34 31 100 

2, 5 29 33 31 100 

1 2 10 24 34 29 100 

i 3 7 32 42 15 100 

8 28 40 24 100 

Total, 4 35 127 382 3D 295 1200 
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Thus, under conditions of constant temperature and food, the 

average length of life is lower than the average for individuals 

kept under conditions of constant food supply and fluctuating 
temperature. 

As all these records were from isolated individuals, in many of 

the cases the short life of an individual may have been due to a 

slight mechanical injury inflicted when the organism was trans- 

ferred from one depression slide to another in the daily routine; 

this is particularly likely to occur towards the close of the life- 

cycle when the posterior part of the body has become inflated 
and lost the power of movement. 

When the egg is deposited in the water there is no indication 

of movement in the embryo; but six to eight hours before hatch- 

ing the embryo is clearly distinguishable and can be observed as 
it turns within the egg; the jaws are in constant motion, striking 

out against the membrane apparently in an attempt to force a 

place of exit. Just before the individual emerges the egg mem- 

brane bulges outward near the larger end of the egg and im- 

mediately over the jaws of the embryo; this bulge increases 

until the membrane ruptures, leaving an irregular opening 

through which the organism escapes. ‘The first definite bulging 

of the egg membrane occurs about two minutes before the 

organism escapes into the water. After emerging, the young 

individual moves rapidly, at random, through the water, twisting 

and bending sharply in its course. The body increases gradually 
in length and diameter for the first four days. At this time the 

maximum length is reached in most cases, but the increase in 

diameter continues until a day or two before death. 

At room temperature the organism begins to deposit eggs 

about twenty-four hours after it has hatched, and one to two 
days before the maximum length of the body is attained. At 

this time a yellow-brown substance begins to appear in the 

posterior three-quarters of the body; this substance increases in 

amount until the body becomes brownish in color, the posterior 

part becomes inflated, and most of the power of movement is 

lost, owing to the increase in size and the loss of flexibility. In 

isolated individuals random movement ceases about the second 
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day of the egg-laying period and the adult takes a circular 

path near the edge of the medium; as a result of this course, the 

eggs are deposited near the edge of the liquid and usually occur 

in two or three groups. The act of depositing eggs has never 

been observed, so that it is not known whether these groups rep- 

resent two or three separate deposits or whether the eggs are 

deposited singly and the groupings are accidental and the result 

of the circular path taken up by the mother. In the young, 

transparent organism the passage of food through the jaws, 
through the esophagus and back into the body, and finally the 

excretion of waste products can be traced with ease. About the 
time of death, however, excretion ceases, movement is confined to 

the anterior cilia and jaws, and the action of the jaws in grasping 

food seems to be ineffective. Throughout the entire life-cycle 
the extrusion of waste products from the body seems much 

less than the amount of material taken through the jaws would 

indicate, and during the last two days of the life-period many 

specimens cease the extrusion of fecal masses entirely. At the 

close of the life-cycle the organism differs markedly from the 

adult early in the egg-laying period. 
The organism furnishes, excellent material for a study of the 

physiological and structural changes accompanying maturity, 

old age, and death. The transparency of the embryo with its 

rapid development and the accompanying change in color offers 

excellent opportunity for a study of the relations of the retention 

of the products of metabolism, muscular degeneration, and the 

effects of aging. 

The usual type of egg deposited by Proales is slightly larger 

at one end, whitish in color, very thin-shelled, and 48 x 80y in 

size. The egg increases very little in size before hatching, 

but a few hours after it has been deposited the outline of the 

embryo can be distinguished. ‘This outline increases in distinct- 

ness, and soon the embryo can be seen flexed on itself with the 

long axis parallel to the long axis of the egg. In over 50,000 

eggs observed in fresh culture medium, hatching has taken place 

in all cases within twenty-four hours, with the exception of five 
individual eggs which appeared to have been slightly injured 
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when the mother was removed from the slide and which dis- 

integrated very soon. If eggs are left in isolation slides in old 

culture medium, hatching frequently does not take place at all; 

a cloudy, irregular, zone appears around the egg and disintegra- 

tion soon follows. 

In February, 1919, immediately after the study was begun, 

sixteen eggs quite different from the usual type described above were 

deposited. ‘These eggs were 90 x 150u in size, yellowish brown 

in color, with a lighter yellow circular area in the center, blending 

to a dark brown at either end. The shell or egg membrane was 

very thick. All of these eggs were kept in fresh culture medium 

for three months, under conditions in which the thin-shelled 

forms hatched readily. No change in appearance had taken 

place during this time, so they were separated into two lots; one 

lot was subjected to a temperature of + 6°C. for a period of two 

days, then returned to the temperature of the laboratory; the 
other lot was kept at 36°C. for an equal length of time and re- 

turned to the laboratory temperature, but no change followed 
this period of increase and decrease in temperature. Finally, 

all the eggs were dried for two weeks at laboratory temperature 

and then returned to fresh culture solut on, but as no change 

could be detected, they were discarded at the end of six months. 

No eggs of this type have appeared during the later study of the 

organism, lasting over a period of thirteen months. 

In many species of rotifers two kinds of eggs are produced, 

thin-shelled ones during periods favorable for rapid multiplica- 

tion, and thick-shelled forms at the onset of unfavorable condi- 

tions; these later are known as the ‘winter’ or ‘resting’ form. 

- In Hydatina senta, studied so extensively by Whitney and by 

Shull, three forms are produced, a large thin-shelled form which 

develops at once into a female, a small thin-shelled which develops 

at once into a male, and a thick-shelled form which develops aftera 

period of rest into a female; the first two forms are produced 
parthenogenetically, the third by a fertilized female. The 

thick-shelled eggs of Proales are comparable to the ‘winter’ 

eggs described above, since they appeared at a time when re- 

production under normal conditions might be accomplished 
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with difficulty; but such a comparison must be made with reser- 

vation, owing to the absence of any such eggs during the winter 

of 1919-1920, although some cultures were under the same condi- 

tions of environment as during the previous winter. On the 

other hand, such thick-shelled forms may have been deposited 

by fertilized females and have never appeared in later cultures, 

since all forms produced in malted milk have been females and 

there has hence been no possibility of fertilization taking place. 

An individual usually deposits an egg during the first twenty- 

four hours of its life, and the average daily rate of production 

determined for 1500 individuals isolated in +; per cent malted 

milk was 1 egg the first day, 3 the second, 5 the third, 7 the 
fourth, 3 the fifth, and 1 the sixth. There is, however, much 

variation in different individuals, as will be seen from table 2, 

which gives the daily egg production for fifty specimens in 

February, 1919, and for fifty specimens five months later in 

June, 1919. 

As the table shows, there is an individual range of about 1 to 
10 eggs for every day of the egg-laying period. If the number 

of eggs deposited on the first day is high (7 to 9), the life-cycle is 

usually shortened to three to five days, but if the number is 

small (1 to 3) on the first day and increases gradually on the 
second and third days, the life-cycle is longer (five to seven days) 

and in many cases the egg production higher. For 1200 indi- 

viduals in }; per cent malted milk at room temperature (47° to 

63°F.) the average total egg production was 19.56. For 254 

individuals in 7; per cent malted milk at a constant temperature 

of 23° to 25°C. the average total egg production was 17.37. This 

decrease in number of eggs was associated with a decrease in the 

average length of life from 5.60 days to 4.68 days, as has been 

noted earlier in the paper. For 100 individuals isolated early 

in the study the average total egg production was 12.79, while the | 

average production of an equal number of individuals a few 

months later was 23.43 eggs per individual. This increase in 

average egg production was associated with an increase in the 

average length of life from 4.65 days to 6.17 days. This marked 

difference in egg production and length of life in two groups of 
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organisms at different times in the history of the race suggested 

the possibility of increasing these two factors still further by 
artificial selection; an experiment with this in view is described 

later. 

The early production of eggs, the large number of eggs pro- 

duced, the high percentage of viability in fresh malted-milk 

solution, together with the short length of the average life-cycle, 

give us a race of organisms increasing rapidly. In 100 trials 
made during the study, a single individual, isolated in a small 

watch-glass, supplied daily with fresh malted milk and allowed 
to reproduce for seven days, showed an average of 125.63 de- 

scendants (adults, young, and eggs), including members of four 

generations. During the thirteen months the race has been under 

observation over 125,000 individuals have been studied in 

isolation; all of these organisms have produced eggs of the thin- 

shelled variety, with the exception of the sixteen thick-shelled 
forms mentioned earlier. The fact that only females had been 

produced and the absence of the two types of eggs in the later 

work led to a search for the male form and the experimental 

conditions under which it appears, as set forth in the next section. 

DO MALES OCCUR? AN EXPERIMENTAL STUDY 

As has already been set forth in this paper, the line of descent 
in Proales consists mainly of females reproducing partheno- 

genetically. Is this the only method of reproduction? Do 
males ever appear, as in most other species of rotifers? In a 

number of species the male occurs either continuously or at 

irregular intervals in the life-history, but in one large group, the 

Bdelloida, no males are known and reproduction takes place 

continuously by parthenogenesis. In the genus Proales males 

have been observed for two of the four species; in Proales wer- 

neckii, which lives in galls of Vaucheria, the male resembles the 

female closely in size and form, although the alimentary canal 

is not so fully developed; in Proales parasita, Plate has recorded 

the appearance of a male of the usual reduced size and structure; 

in Proales decipiens and Proales gigantea the male has not been 
recorded. 
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TABLE 2 

Daily egg production of 100 individuals of Proales decipiens, cultivated in Zs per 
cent malted milk 

A. FIFTY INDIVIDUALS IN FEBRUARY, 1919 B. VFIFTY INDIVIDUALS IN JUNE, 1919 

Days Days 
IND Ty 1D =o 6 es ee IND IDS | |e ee ee eee 

v | ast | 2a | aa | ath | sth | To} "** | ast | 2a | 3a | 4th | sth | oth | 7th | To 

1 Ot aul Moy nek 11 1 rae 2 Wal Of 27 
2 Ah 2 Wea? dj 10 2 be (\ SY aoe Ad. 26 

3 Sheek ee alee 4d| 11 3 Leh Ak PO Bye lest Tak 23 
4 Pelee Se 2c se d| 7 4 Lee 56 1G. ie ee 26 
5 Ay 2) 31 1dj 11 5 2 Oar a. ite aaa ee 25 
GA BU a ied 8 6 1 RSMO Tear Ua sel 20 
Wed earch Bich Blot a 10nb: 7 lonGd cent 16 
8 Soh, 4 lng 4 2 1d) 15 8 Age WayO: he d 20 
9 eee. Wee at 2d) 21 9 2) Ot 6) a 20 26 

10 0)? 0740") 2 d} 12 10 AeOr | Goya ea 1 ee d 20 
11 2} 2] 3);3 | 11d} 21 11 S loi l) (Sieg, slecetil 27 
12 125) 4) 22 1d| 19 12 21 Go) Ol hal eal ee 28 

13 Pia: co. VA 1dj 12 13 EA bo caaee eal ee tebe 21 

14 7A) (iil a 7 a qe 7 14 Di Sey) Se teal fae se O. 26 
15 ZN PAAR Sow) I 2d] 13 15 2 (OSM FAT Se eS Cad 23 

16 Vee ec om te: 2d| 15 16 Lal ¢ 9a dhl 2elatd 18 
17 Dial cette. ad 8 17 TO 86 a ae es 26 
18 21a 013 1d) 9 18 2 GB Ay Buipeule2 laid 20 
19 Alt Ae Soa 4d} 20 19 Ll, 20h AO) Sr ane d 26 
20 Ee) eo) Ol ts 2d} 15 20 0: 8: eoSal tp sty 30 
21 1; 2| 5|4 1d] 18 21 Or] ofl S163 d 15 
22 5| 4/ 314 2d} 18 22 Sal eos) Cn Omnies |G 28 

23 Tl al 1d} 11 23 DATO ONES oS <8 29 
24 31) 4) 52.4 1d| 14 24 LD OSes ie: 26 

25 25] Oe) EOx1 9 2d| 18 25 Si). Oto A. 6. nD 27 
26 ON! 20) 4 AG 3d} 15 26 Lo ete OG. |o 1 O fica 25 
27 3] 4] 5 | 6d 18 27 pe a Ni sb i | 26 
28 Ol) Ase ay 3d| 16 28 5| 6]; 4|3 | 1d 19 
29 iW ke she: 2d} 15 29 Lily) Bl beagle Dy of Fpl 23 

30 Lo ee | 202 d| 13 30 Ath \e. 0) ree locale O 25 
31 1 ee a a 24 6 ol Oi Ol ed, Ge aioe lem 26 
32 DAP EZ A FOO S 3d} 20 32 Bis titent She MTS d 28 
33 1 eer ch)| 6d 16 33 2} 6).5 14 |1d 18 
34 Pale LOrES d| 17 34 a) 6) 9 1 5, | 2.) Ad 8 
30 0) 3d} 415 6d} 18 35 2 OO. |saleleen co 2 

36 1| 4] 4 | 6d 15 36 1] OO SAO Seen a 7 
37 LARA WATS 1d| 18 37 3/ 4|/ 9|5 |5 (01d 7 
38 3} 2| 5 | 6d 16 38 tec eo ps a ce 4 
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TABLE 2—Concluded 

A. FIFTY INDIVIDUALS IN FEBRUARY, 1919 B. FIFTY INDIVIDUALS IN JUNE, 1919 

Days Days 
END LVED- |p Sete serie ee 8 bs fees || INDIVIDE . 

"™ | tet | 2a | 3d | ath | sth | TO Spa list.), 2d |3d: |. 4th | Gib) Geb, \o7eb oe 

39 1 Shelve |G) 2d| 18 39 A Lf WAN 18 self: d 24 

40 1 PAN (VATS 3d| 13 40 1 Sep ie 3d 24 

41 1 S| Bae 1d} 15 4] 1 9 | 10d 20 

42 if ey le? 4d| 10 42 1 33 |p ay We 4 2 Id | 23 

43 1 A Ae 6 dj 15 43 1 TONE Ns! Zieh O d | 24 

44 1 Nel ea afi b d| 4 +4 Paleo Or one: 1d 24 

45 1 3 |. 0 d 4 45 3 6a OME? 1d 26 

46 1 Al 516 7d| 23 46 1} 10} 10 | 2 1 0 d | 24 

47 1 4} 6 | 8d 19 47 a @aAltOr iS 2 1d 26 

48 1 3| 4) 5 2d} 15 48 2Aln Oa OM icod 25 

49 1 alata. ad 16 49 5 6) 9 15 1 0 d | 26 

50 OL 2) SE 2d 5 50 3 DOG 2 10 d | 29 

d indicates day of death. 

In most of the species of rotifers, the males differ markedly 

from the females; they are smaller, shorter-lived, much more 

active than the younger females, and are usually degenerate in 
structure, lacking complete excretory or digestive systems. But 

in Proales werneckii the male is of the same size as the female 
and resembles her externally. On this account it seemed in- 
advisable to rely on appearances alone as to whether the form 

under observation in Proales decipiens was male or female, but 
if on isolation eggs were deposited it was clear that the individual 
was female. The appearance of two types of eggs, thin-shelled 

and thick-shelled, early in the history of the race suggested 

that at that time males might be present and the thick-shelled 
eggs deposited by a fertilized female. This suggestion was 

supported further by the fact that the thick-shelled eggs did not 

appear during the second winter, as they perhaps would had 
they been merely ‘winter eggs.’ Early in the experiment it was 

noticed that in the usual culture fluid of 7; per cent malted 

milk, all individuals isolated for any experiment produced eggs; 

that is, in malted milk no males appeared. In the case of 
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Hydatina senta, Shull and Whitney have shown that various 
factors in the environment have an influence upon the propor- 

tion of males appearing in any line. The amount of oxygen in 

the medium, the concentration of the food, the proportion of 

various microorganisms available for food, and the concentration 

of various chemicals seem to be factors associated with the 

percentage of males, or of male-producing females, produced by 
various mothers. 

In Proales, changes in the nature and concentration of the 

food, changes in the temperature at which various cultures were 

maintained accompained by changes in food, and changes 
in the chemical constitution of the medium were introduced in the 

study of the conditions under which the male form might be 
produced. In a culture fluid of +; per cent malted milk, female 

forms had consistently appeared throughout the study; so in- 

creases in the concentration of the milk were made until solu- 

tions of $ per cent, } per cent, + per cent, and 1 per cent had 

been used. In the higher concentrations bacteria developed so 
rapidly that the medium soon became flocculent and less favorable 

for a high egg production and greater length of life. On the 

other hand, a decrease in the concentration of the milk to per 

cent and ;; per cent tended to decrease the available food to such 

an extent that the number of eggs deposited decreased, although 

the length of the life-cycle was not influenced. Males do not 
appear in malted milk either in decreased or increased concen- 

trations. Beef extract, made from Armour’s bouillon cubes, 

was made in § per cent, } per cent, and } per cent concentration. 

The number of eggs produced in any of these percentages was 

much lower than in the stock solution of malted milk and in no 
case was there any change in the nature of the eggs or the organ- 

isms produced. Pasteurized milk in 7; per cent, and + per cent 

concentrations was employed, but owing to rapid bacterial 

action the solution became flocculent within a very few hours 

at laboratory temperature; successive generations of rotifers 

were maintained in it with difficulty and no males were produced. 
A solution of horse manure made after Whitney’s (’14) formula 

was prepared and used in the proportion of 1 part horse-manure 
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solution to 3, 4, 5 and 6 parts of spring water. Egg production 

and the average length of life were both much reduced in this 

medium and no change in the mature form or egg were pro- 

duced. At various times throughout the experiment Proales 

was cultivated in spring water in which various unicellular 

green plants and animals were flourishing, but in all cases isolated 
adults produced eggs of the usual thin-shelled form. In all 

cases isolations were made for five successive generations, since 

Shull (’12) has shown that the action of the environment is not 
accompanied by a change in sex until grandchildren are produced. 
None of the changes in the nature or concentration of the food 

were accompanied by the appearance of the male form in Proales. 

Cultures in 3; per cent malted milk, } per cent beef extract, and 

in ;; per cent pasteurized milk were subjected to a constant 

temperature of + 6°C., 17°C., 24°C., and to a fluctuating tem- 

perature of 13° to 23°C. without producing any change in the 

uniform female constitution of the population. 
In the summer of 1919, a number of mass cultures were estab- 

lished in small watch-glasses; in each of these cultures there was 

5 ec. of malted milk with sufficient of a 7) N solution of the 
following chemicals to give the percentage (of 745 N) indicated. 

HCl, 4, 3, 2, 1, 2, 3 per cent KCI, 4, 4, 2, 1 2, 3 per cent 

H.SO,, 4, 2, 1, 2, 3 per cent MgSO, 2, 4, 6 per cent 

NaCl, 2, 4, 6 per cent KeHPO,, 3, 2, 1, 2, 3 per cent 

C,H,O2, 1, 4, 3, 1, 2, 3 per cent NaNOs, 2, 4, 6 per cent 

At various times isolations were made from each culture; but 

eggs were deposited by all of the individuals and there was no 

indication of the appearance of the male form. 

Thus, neither a change in the kind nor the concentration of the 

culture medium, a constant or fluctuating change in the tempera- 

ture, or a change in the chemical constitution of the medium, has 

been accompanied by the appearance of the male in Proales 
decipiens. 

In June, 1919, five ‘wild’ specimens of this species were found 

in a culture jar filled recently with water from a small stream. 

These organisms were transferred gradually to malted milk, and 
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twenty-five eggs from the second generation in malted-milk 

solution isolated from each individual. All individuals thus 
separated deposited eggs of the usual thin-shelled type and 

there was no indication of the appearance of the male form. 

To sum up, all individuals from the original clone have deposited 

eggs; no males have appeared during changes in chemical con- 
stitution of the medium, changes in temperature, or changes in 

kind and concentration of food. Progeny of individuals recently 
isolated from ‘wild’ ancestors likewise show a uniform produc- 

tion of females. 

So, during the thirteen months that Proales decipiens has been _ 

under observation, reproduction has been entirely by partheno- 

genesis. Although no records have been kept of the generations 

produced by mass cultures during this entire period, an estimate 

of over 250 generations is conservative, calculated from records 

of sixteen to twenty-three generations produced from single 

ancestors during a period of thirty days’ isolation. In this 

species continuous parthenogenetic reproduction for this number 

of generations has been accompanied by no evidence of weakening 

in the race. At the close of the experiment the range of egg pro- 

duction for100 individuals in 3; per cent malted milk at laboratory 

temperature was from 11 to 30 with an average of 19.50; the 

range of the length of life was 4 to 7 days, with an average of 

5.80 days. One hundred individuals early in the history of the 
race under the same conditions, at about the same time in the 

year, showed a range in egg production of 4 to 23, with an average 

of 12.79 and a range in the length of life of 3 to 5 days, with an 

average of 4.65 days. The hatching of eggs in fresh culture 

medium takes place within twenty-four hours in 100 per cent 

of the cases, and, barring accidents, the young individual begins 

to deposit eggs within twenty-four hours after it is hatched. 

While no definite measurements can be made of the body size of 
the adult, owing to its constant movements, the dimensions 

reached by the adult in the later generations are as great as 
those shown by any of the individuals produced in the early 
history of the race. Continuous parthenogenesis for about 

250 generations in Proales, then, has been accompanied by no 
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reduction in the viability of the eggs, by no retardation in the 
development, by no reduction in the range or average of egg 

production, by no reduction in the range or average of the life- 

eycle, and by no reduction in the size attained by the adult. 

THE EFFECT OF SELECTION 

As we have already seen, there is great variation in the length 

of life and the number of eggs produced in the different indi- 

viduals of Proales, the life-cycle ranging from one to eight days, 
the egg production from one to thirty. 

Are these variations the results of constitutional and hereditary 

differences, so that, if individuals showing the different rates 

of egg production and differences in length of life are isolated 
and allowed to reproduce we shall get stocks differing consist- 

ently in these respects? 

This question of variation and the inheritance of variation in 

uniparental reproduction has been much studied, especially 

since Johannsen (’03), working with self-fertilizing beans, reached 

the conclusion that selection within the progeny of a single 

individual is ineffective and that complete regression occurs in 

the progeny of all individuals showing variation from the mean 

for the pure line. The same condition has been found not only 

in self-fertilizing plants, but in plants reproducing vegetatively 

by tubers, by grafting, and by buds and in animals reproducing 

asexually by budding (Lashley, in Hydra), by fission (Jennings, 

in Paramecium), and by parthenogenesis (Ewing, in Aphids). 

By analyzing Johannsen’s results statistically, Pearson (’10) 

found indications that inheritance might exist within the clone, 

since the correlation ratios diminished as the line of ancestry 

became more remote. If the genetic constitution of any indi- 
vidual of a pure line does not depend on its immediate ancestor, 

but on the type of the line to which they both belong, the 

coefficient of correlation between any individuals and any genera- 
tion of their ancestors should be the same as the correlation be- 

tween the individuals and their immediateancestors. Later experi- 

mental work on Protozoa has given data agreeing with the 

conclusion that selection within a pure line is to a certain extent 
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effective in some cases. In Stylonychia, Middleton (’15) isolated 

from the progeny of a single individual two strains that differed 

in the rate of fission; in Difflugia, Jennings (’16) found strains 

that differed in a number of characters (number and length of 

spines, diameter of shell, etc.) ; in Centropyxis, Root (’17) isolated 

strains differimg in number of spines and the size of shell; in - 

Arcella, Hegner (’20) found another protozoan that showed the 

same phenomena, the lines differing in spine number and diame- 

ter of shell within the same clone. 

In comparison with the mass of experimental data in the 

protozoa, a relatively small amount of work has been done on 

forms reproducing parthenogenetically, although in the species 

where no reduction in the number of chromosomes occurs, the 

reproduction is as typically uniparental as in the cases where an 

organism reproduces by fission. 

Kelly ('13) tried by selection to alter the relation of the third 

to the fourth antennal joint in a parthenogenetic aphid (Aphis 

rumicix), but the work was carried on for only two generations 

and no effect produced. 

Agar (14) worked with three parthenogenetic Cladocera, 
Simocephalus exspinosus, 8. vetulus, and Daphnia obtusa, and 

a parthenogenetic aphid, Microsiphum antherinii. In both 

species of Simocephalus an attempt was made to increase the 

body length by selection, but the coefficient of correlation between 

individuals and their ancestors showed no diminution as the 

scale of ancestors was ascended, and in Daphnia also there was 

‘‘no evidence of inheritance of interclonal variation.”” In 

Microsiphum antherinii, however, there was a diminution in the 

intensity of the correlation from the parental to the grandparental 

relation, which indicated that selection within the clone had 

been effective. In a discussion of this part of the work, Agar 

suggests that such a conclusion must be stated tentatively, 

since in all the cases the progeny are produced viviparously 

and have short life histories, so that there is a comparatively 

short time to eradicate the effects of intra-uterine life. Ewing 

(14 a, b, 716) studied various characters of Aphis avenae Fab., 

and in the first ten generations attempted by selection to increase 
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or decrease the ratio of the third and fourth antennal segments. 

He concluded that ‘‘Selection from among extreme variants 

does not alter the mean as obtained for the strain without selec- 

tion. The offspring of an extreme variant may show, not a 

reversion to the mean of the line of a strain, but a reversion 

which swings pendulum-like much beyond the mean ... . only 

to be brought back to its former side of the mean-of-the-strain 

base line in the next generation.’’ In the second paper this 

pendulum-like swinging of the mean for the offspring wastested 

through seven generations with the conclusion that ‘regression 

-within a pure line of a parthenogenetic form does not follow 

Galton’s law....but.... is somewhat pendulum-like, swinging 

beyond the mean of the strain, or line.” In the last paper 

extensive experiments carried on with the cornicles, the antennae, 

and the body length yielded results which pointed to the con- 

clusion indicated in the earlier work, that selection in a partheno- 

genetic line had no lasting effect. 
At the present time, then, experimental data on uniparental 

inheritance point in opposite directions, some work indicating 

that selection within a pure line is ineffective (Johannsen, 

Jennings, Ewing, and many botanists), other work, that selection 

is effective (Jennings, Middleton, Root, Hegner). There was 

some indication in Proales that an increase in length of life 

and in number of eggs produced had taken place during the time 

of cultivation in malted milk. A comparison of 100 organisms 

isolated in February, 1919, with 100 organisms isolated in 
June, 1919, shows an increase in average egg production from 

12.79 to 23.48, with an increase in maximum production from 

23 to 30. This increase in egg production was accompanied by 

an increase in individual range of life from 3 to 5 days to 2 to 7 

days. Such increase in egg production and length of life sug- 

gested that by selection the maximum in both these might be 

increased still further. An experiment was therefore under- 
taken to test this. In this experiment in selection an attempt 
was made to eliminate variations in the conditions as much as 

possible; the food was prepared carefully from the same jar of 
malted milk, with water from the same spring throughout the 
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experiment, and all organisms after the fifth generation were 

kept in an electric constant temperature oven at 23° to 25°C. 

Since egg production and length of life are correlated as indicated 

above, the number of eggs produced rather than the length of 

life was decided upon as a more reliable measure of performance, 

and an attempt was made by selecting in each generation the 

individual producing the highest number of eggs to increase the 

maximum number of eggs produced by any individual beyond 

thirty, a number frequently obtained in individuals chosen at 
random. 

The progenitor for this selection work was chosen at random 

from the progeny of a mother producing twenty-four eggs. The 

individual thus chosen produced twenty-seven eggs, designated 

as the first generation. All these eggs hatched, but two of the 

young organisms died before producing eggs. The minimum 

number of eggs produced by any of the twenty-five sister indi- 

viduals in the first generation was 5, the maximum 28, the 

average 18.68. 

A check-line was reared under the same experimental condi- 

tions and isolations made at the same time as in the selection 

experiment, but the progenitor for the next generation was 

chosen at random rather than by an inspection of the egg-deposit- 

ing record. In the first generation the check-line deposited 18 

eggs, a number slightly below the average, 18.68, for the selec- 
tion line. The individual range for the length of life in the 

selection experiment was two to six days with an average of 4.36 
days as compared with an length of life of four days in the check. 

During the first generation the selected line showed a much 
higher maximum and average number of eggs, and a greater 

average length of life than the non-selected line. 

The further course of the experiment, through fifteen genera- 

tions of selection, is shown in table 3. Throughout the experi- 

ment the individual producing the highest number of eggs was 

chosen to continue the selected lines, while for the control line 

an individual was taken at random. 

As will be seen in table 3, fifteen generations of selection of the 

individual producing the highest number of eggs did not bring 
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about any clear increase either in the maximum number of eggs 
produced, the individual range of life, or the average length of 

life. In four generations the average length of life in the selected 

line is greater than the length of life in a line of individuals chosen 

at random. In three generations the average number of eggs 

produced by the selected line is greater than the number pro- 

duced by an individual in a non-selected line. In all other cases 

TABLE 3 

A comparative table of the selected and non-selected lines of Proales, showing the 

numbers of eggs produced and the length of life 

NON-SELECTED 
d JIDU! SELECTED INDIVIDUALS INDIVIDUALS 

GENERATION | Number of eggs produced Length of life in days Nigeher ae ates 

eggs ee 

1 5 28 18.68 2 6 4.36 18.00 4 

2 2 Dill 13.85 2 6 3.42 16.00 4 

3 2 30 17.00 24 6 4.04 17.00 4 

4 6 28 19.00 2 6 4.02 21.00 5 

5 4 26 17.14 1 4 evil 18.00 4 

6 1 27 18.56 1 5 3.60 19.00 4 

7 “a ORS WISE ST opel 6 452301 122700 6 
8 3 28 18.03 ey 6 4.97 20.00 5 

9 i 29 13.84 1 i 4.80 25.00 6 

10 2 28 20.14 3 a Se Re 20.00 4 

11 8 26 eZ 3 6 4.68 24.00 6 

12 of 26 17.03 3 5 4.42 19.00 5 

13 4 27 Wl) 2 a 4.64 16.00 4 

14 6 26 17.66 3 6 5.08 22.00 6 

15 3 25 16.70 3 6 4.66 25.00 7 

the selected line shows an average either equal to or below the 

numbers produced in a non-selected line. These results indicate 

that at this time selection for a greater number of eggs and a 

longer average life-cycle in Proales is ineffective. The results 

obtained from this selection work do not offer any explanation for 

the great variation in maximum and average length of life, in 

range of individual life-cycle, and in maximum and average 

ege production mentioned earlier as occurring between the 
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earlier and the later periods of the work. Such an increase 

may have been due to the greater degree of adjustment to the 

environment in the individuals constituting the race after 

cultivation for six months in malted milk. 

THE EFFECT OF ALCOHOL IN RELATION TO INHERITANCE 

Can the inherited characteristics of organisms be changed by 

environmental agents? Particularly, is it possible by poisons, 
by extremes of temperature, or by excessive concentration of 

salts in themselves non-toxic, so to injure germ cells that later 

generations will be weak, abnormal, or essentially different 
from their parents? 

This phase of the general problem of the causes of variation 

in organisms has been attacked more extensively in mammals and 

birds than in any other members of the animal kingdom. The 
very interesting and important sociological significance of a 

limited part of the problem, namely, the effect of alcohol on 

human welfare, has resulted in the bringing together of a large 

mass of data, unscientifically collected and arranged for the 

most part, pomting in a general direction too familiar to require 

setting forth here. The larger mass of the experimental data 

on the same subject has been collected during the last few. years 

on guinea-pigs and the domestic fowl. Stockard (’18), working 

with guinea-pigs, has studied for over seven years the behavior 

of these animals when subjected to the influence of aleohol. Not 

only has the effect of alcohol on the individual animal been 

studied, but also the effect of alcohol on the progeny when matings 

were made between alcoholized animals, between alcoholized 

animals and normal animals, and between the progeny of alco- 

holized animals and normal animals as far as the third genera- 

tion. In regard to the effect of the aleohol on the individual 

animal] the earlier work is summed up as showing ‘‘that the germ 

cells in either the male or the female mammal may be changed or 
affected by a chemical treatment administered to the body of the 

animal”’ (L120). The progeny of animals thus treated ‘‘showed 

more or less marked deviation from the normal in many definitely 

measurable qualities, such as their mortality records, structural 
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appearance, nervous reactions, and ability to reproduce”’ (p. 120). 

When the progeny of alcoholized animals, themselves not sub- 

jected to the treatment, were mated the data were such that ‘‘it 
may be concluded that animals as far as three generations re- 

moved from the direct alcohol treatment are still differentiated 

from the control in regard to the weight of the litters in which 

they are born, the tendency of the matings to result in failure 

..” (p. 164). In general, then, the alcoholization of guinea- 

pigs produces some change in the germ cells which is still evident 

in the third generation of non-treated progeny, even when normal 

germplasm is thrown into the hereditary stream at each mating. 

In the domestic fowl, Pearl (17 a, b, c,) has used the same 

general method of treatment, in this case treating the birds for 

only one hour per day. In appearance “‘the treated animals 

themselves are not conspicuously worse or better than their 

untreated control sisters and brothers” (p. 185). The capacity 
to reproduce was not influenced since “‘neither the total amount 

nor the distribution of egg production were significantly different 

in the treated birds from what they were in the controls”’ (p. 186). 

But ‘‘the proportion of fertile eggs . . . . was materially reduced 

in the matings in which one or both individuals had been treated’”’ 

(p. 294). At the close of the account of the experiment the 

conclusion was reached that ‘‘There is no evidence from these 

experiments that the treatment of individual fowls with ethyl 

alcohol had any deleterious effect upon those germ cells which 

form zygotes. The treatment rendered many germ cells in- 

capable of forming zygotes at all, but those which did form 

zygotes had plainly not been injured in any way” (p. 295). 
Thus among the higher organisms the evidence poimts in 

opposite directions, that secured from mammals indicating the 

persistence of the influence of the environmental agent as far 

as the third generation of the untreated progeny, that secured 

from birds not indicating that there is a change produced in the 
germ cells by the subjection to alcohol. Among the lower 

organisms Whitney (’12) has studied the effect of alcohol on the 

rotifer Hydatina senta. He reared the organisms in culture 

fluid plus 4, 3, and 1 per cent ethyl alcohol for twenty-eight 
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generations, starting each new generation with a daughter from 

an alcoholized mother. At the end of the experiment progeny 

of these alcoholized lines were returned to normal culture solu- 
tions to test the retention of the influence of the alcohol. In 

regard to the production of eggs, it was found that ‘‘The rate of 

reproduction was lower in the alcoholic strains than in the 

control and it was proportionally lowered according to the 

amount of alcohol used.”’ But after the return of the progeny 

to normal culture solutions it appeared that ‘‘The weaknesses 

developed by the parental use of alcohol are partially eliminated 

in the first generation after the alcohol has been removed, and 
practically completely eliminated at the end of the second genera- 

tion after the alcohol has been removed.” In so far as such a 

comparison can be made, the rotifer Hydatina senta reacts 

to alcohol in much the same way as the domestic fowl. 
The question of the effect of aleohol on germ cells‘is of such 

importance that it seemed worth while to test it again as 

thoroughly as possible in another of the lower organisms. Proales 

seemed particularly favorable for this-work, since it will thrive 
in a medium of comparatively definite composition, passes 

through the life-cycle in a short time, and produces a large 

number of eggs with a high percentage of viability. In, pre- 

liminary study it was found that individuals of Proales subjected 
to the fumes of ethyl alcohol in solutions of varying percentages 

showed an effect equal to that on individuals reared in culture 

solutions to which an equal per cent of alcohol had been added 
directly. The same thing has been found to be true for infusoria 

by Estabrook (10), working on Paramecium, and in many 
other experiments carried out in this laboratory. Throughout 

the experiment with Proales the organisms have been isolated 

in normal ;; per cent malted milk and placed on supports in 

closed Stender dishes. In the bottom of each culture dish 

sufficient absolute aleohol was added to 100 ec. tap-water to give 

the percentage indicated in the particular experiment cited. 
These alcohol solutions were changed each day, the adult organ- 

isms transferred to fresh culture fluid, and if individual data 

were to be secured on the eggs, they were transferred to fresh 

culture fluid also. 
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In September, 1919, 100 individuals were chosen at random 

from the mass cultures established in August, these being orig- 

inally all descendants of a single individual. These were 
reared under normal conditions until they had each deposited 

three or more eggs. ‘Three eggs from each of these 100 organisms 

were used to start the experiment; one from each individual was 

placed in a culture dish with 1 per cent alcohol in the solution 

used in the bottom, another in a dish with 2 per cent alcohol, 

and a third in a dish with tap-water to serve as a check for the 

aleohol lines. The cultures were examined daily, the alcohol 

solutions changed, and the adults transferred to fresh food. At 

the end of the first week 100 organisms were isolated from each 

main line and the length of life and the egg production deter- 

mined in each. (See table 4 for a diagrammatic scheme of the 
alcohol experiment.) At the end of the first week the range in 

egg production for the 100 individuals from the 1 per cent alcohol 

line was 1 to 7, with an average of 2.85, while the range in the 
length of life was 2 to 6 days, with an average of 3.88 days; in the 

line reared subjected to 2 per cent alcohol the range in egg pro- 

duction was 1 to 6, with an average of 1.84; the range of indi- 

vidual life was 2 to 5 days, with an average length of life of 4.19 

days; in the check line the egg production ranged from 6 to 30, 
with an average of 20.86, while the range in the length of life was 

3 to 5 days, with an average of 4.78 days. At the end of the 
first week individuals from each of the alcohol lines showed a 

decided reduction in the power to deposit eggs; those subjected 

to 1 per cent alcohol depositing an average of 2.85 eggs, and 

those subjected to 2 per cent an average of 1.84 eggs, as com- 

pared with an average deposit of 20.86 eggs in individuals reared 

under normal conditions. The average length of life did not 

show as great a reduction; subjected to 1 per cent alcohol, the 
individuals lived an average of 3.88 days; to 2 per cent, anaverage 

of 4.19 days, while those under normal conditions had an average 

length of life of 4.78 days. Thus there is a marked reduction in 
the egg-laying capacity, unaccompanied by so great a reduction 
in the average length of life, early in the history of a line reared 
in alcohol. The viability of the eggs produced in these per- 
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centages of alcohol was so low (less than 25 per cent) that it soon 
became evident that it would be impossible to continue the 

‘nes indefinitely. Hence the line in 2 per cent alcohol was 

discontinued and the progeny produced in 1 per cent alcohol 

divided into two lots, one to be subjected to + per cent alcohol, the 

other to 4 per cent. The organisms were reared for two weeks 

over fives percentages of alcohol; isolation of eggs for new genera- 

tions were made whenever the age of the majority of adults 

TABLE 4 

Diagrammatic scheme of alcohol experiment 

1" wk. 2” wk. 3,4" wks. 5" wke 6,7" wks. 8" 

2% ethyl alcohol. 
1 wk. 

Feb.1919-Sept.1919. Malted milk - Malted milk. ——>4 ees milk.——— 
Malted milk. 1 wk. — 2 wks. 2 wks. 

1% ethyl alcohols 4% Seat alcohol. 33% alcohol. 3 
1 wk. : 2 wk 2 wks 

4%, Beng “alcohol ih slcoheld 25 
2 wKS.e 2 wks. 

9,10" wks. 11” wk. 12,13" wks. 14" wk.15,16" wks. 17" wk. 18,19" wks, 20" wk 

> Malted milk. > Malted milk. ————> Malted milk. ————> Malted milk. 
2 wks. 2 wks. Bess 2 wks. 
alcohol s #% alcohol. 2%, alcohol. ————> si ee 5 
2 wks. 2 wks. 2 wks. 

4%, alcohol. ———-3 3% alcohol. ee ae Ono. ===> 6. aloohol. ey 
2 wks. 2 wks. SY 2 wks. wks 

x 1% alcohol. 
, .2 Wks. 

2% alcohol. 
2 wks. 

21,22" wks. 235" "wks 24" wk. 25" wke 26" wk. ee Wise 
Malted milk. ——> Malted milk. — Malted milk. 

2 wks. 1 generation. 1 generation. 
$% alcohol. ————}Malted milk. ————_> Malted milk. 

2 wxs. 1 generation, 1 generation. 
24, alcohol. + Malted milk. ————> Malted milk. 

2 WKS. 1 generation. 1 generation. 

seemed to warrant. At the end of this time (five weeks) 100 

individuals from each line were isolated and the egg production 

and length of life determined. In the 4 per cent alcohol the 

range of egg production was from 4 to 22, with an average of 
14,25; the range of life from 3 to 7 days, with an average length 

of life of 5.83 days in the 4 per cent alcohol the range in egg pro- 

duction was from 1 to 10, with an average of 3.98; the range of 

of life from 4 to 7 days, with an average of 6.09 days; in the 
controls the egg production ranged from 14 to 30, with an average 

of 14.10 eggs; the length of life from 3 to 7 days, with an average 
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of 6.17 days. When these percentages of alcohol are employed, 
the reduction in the number of eggs deposited is not so marked as 

in higher percentages, but the difference between the alcohol 

lines and the line reared under normal conditions is still great. 

There is little reduction in the average length of life in either 

percentage of alcohol, just as was the case where 1 per cent and 
2 per cent were used. 

The alcohol experiment was carried on for twenty-seven weeks 

in the way just indicated; that is, 100 individuals each subjected 

to ¢ and } per cent alcohol solutions, and 100 controls, were 

allowed to reproduce for a period of two weeks, when isolation 

of 100 specimens was made from each line and the egg deposit 

and length of life for all the individuals determined under each 

‘of the three conditions; reproduction continued for another 

two-week period, then another isolation made, ete., until the 

end of the twenty-third week. At this time the alcohol cultures 

were discontinued and progeny from both alcohol lines were 
returned to malted-milk solution without alcohol. In this way 
it was determined whether the effects of + and 4 per cent alcohol, 

which had been acting continuously on the progenitors of both 

lines for twenty-one weeks, had any lasting effect when the 

progeny were returned to malted milk. At the beginning of the 

fifteenth week progeny of the line reared in 4 per cent alcohol 

were isolated and reared in 1 per cent and 14 per cent alcohol 

for a period of two weeks and an isolation made at the end of 

this time to determine if under the continuous action of 4 per 
cent alcohol the organism had developed any degree of resistance 

to higher percentages. 

The effect of the alcohol upon the organisms themselves was 

marked only in the higher percentages. In many cases in these 

percentages the increase in size, which usually continues until 
near the close of the life-cycle, never took place and the indi- 

viduals were thin and attenuated; movement in many cases was 

reduced even in the young individual, and the adults became very 

sluggish. In the experiments where a low percentage of alcohol 

(4, = per cent) was employed, the treated organisms resembled the 

untreated checks except in the number of eggs deposited. 
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An isolation made at the end of the tenth week showed that in 

the + per cent alcohol line the range of egg production was from 

1 to 19, with an average of 11.07. This is slightly lower than the 
results in the fifth week, where the range was from 4 to 22, with 

an average of 11.25. In the eleventh week the range of life was 

from 3 to 8 days, with an average of 6.46. In the fifth week the 

range of life had been from 3 to 7 days, with an average of 5.83 

days. In the eleventh week in } per cent alcohol the average 

and maximum production of eggs had fallen below that in the 

fifth week, but the maximum length of life at this time was the : 

greatest attained by any individual throughout the entire 

study. A greater length of life under treatment with alcohol 

was noted by Stockard in one of his guinea-pigs, which lived 

seven years—an unusual time in that organism. Individuals 

subjected to $ per cent alcohol showed at this time a range in 

the egg deposit of 1 to 10, with an average of 5; this was the same 
as the range in the fifth week, but at that time the average was 

only 3.98. The range of life for this period was from 3 to 7 days, 

with an average of 5.70 days, as compared with a range of 4 to 7 

days and an average of 6.09 days at five weeks. In malted 

milk under normal conditions the range of egg production at the 

eleventh week was 8 to 29, with an average of 19.70, while the 
range in life was 3 to 7 days, with an average of 6.48 days. At 

this isolation, just as in the previous one, there is a decided 

reduction in the number of eggs produced in both the alcohol 
lines and very little reduction in the average life-period. 

At the beginning of the fifteenth week two new isolations of 

100 individuals each were made from the 4 per cent alcohol 

line; one of these was reared in 1 per cent alcohol; the other in 

13 per cent. At the beginning of the seventeenth week isola- 
tions were made for the determination of the egg production and 

the length of life from the five lines, malted milk, + per cent, 

3 per cent, 1 per cent, 14 per cent alcohol. At this time the line 
in ; per cent alcohol showed a range in egg production of 4 to 22, 

with an average of 10.80; a range in the length of life of 3 to 7 

days, with an average of 5.88 days. The line in 3 per cent 

alcohol showed an egg production ranging from 1 to 10, with an 
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average of 4.55, and a range of length of life of 2 to 7 days, with 

an average of 6.52 days. The line previously reared in } per 

cent alcohol and transferred to 1 per cent only two weeks previous 

to this isolation showed a range in egg production from 1 to 7, 

with an average of 2.98, a range in length of life from 3 to 7 days, 

with an average of 5.22 days. The line recently transferred 

to 14 per cent alcohol showed a range in egg production of 1 to 6, 

with an average of 2, and a range in length of life of 2 to 7 days, 

with an average of 4.91 days. The line reared continuously in 

malted milk under normal culture conditions showed a range for 

egg production of 1 to 28, with an average of 19.26, and a range 

in the length of life of 3 to 7 days, with an average of 5.81 days. 

In general during the twenty-one weeks in which individuals 

of a line of Proales were subjected continuously to the fumes of 

1 and 3 per cent ethy! alcohol the maximum and average number 

of eggs produced was reduced in proportion to the percentage of 

alcohol used, but the average length of life was very little in- 

fluenced. Table 5 gives a summary of the range and average 

egg production and the range and average length of life of all 

the individuals studied throughout the experiment. In neither 

of the lines subjected to + and 3 per cent alcohol is there a con- 
tinual decrease in the average of either character studied through- 

out the successive generation. 

Tests for inheritance of the effect of alcohol. At the beginning 

of the twenty-fourth week both alcohol lines were discontinued 

and their progeny returned to malted milk only. At the end of 
the first week in normal conditions (twenty-fifth week of the 

experiment) isolations of the second generation individuals were 

made for determining the egg production and average length of 

life. In the line descended from the progeny of the { per cent 

alcohol group the range of egg production was from 9 to 27, with 

an average of 17.77, as compared with a range of 3 to 23, with an 

average of 12.33 eggs in the last generation in } per cent alcohol. 

The range of life at this time was 3 to 7 days, with an average of 

5.58 days, differing little from the range and average in the last 

isolation in + per cent alcohol. In the line descended from 

individuals reared in 3 per cent alcohol the range in egg produc- 
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tion was from 5 to 25, with an average of 13.57, as compared 

with a range of | to 11 and an average of 3.48 in the last genera- 

tion in alcohol. The average length of life, 5.70 days, had 

increased very little over the average of 5.62 days in the last 

isolation. Individuals reared continually in malted milk showed 

at this time a range in egg production from 4 to 29, with an 

average of 18.56, and a range in length of life from 2 to 7 days, 
with an average of 5.56 (table 4). 

TABLE 5 

A comparison of the egg production and length of life of all isolations made of lines 

subjected to { per cent and } per cent alcohol and controls 

LINE IN } PER CENT ALCOHOL|LINE IN } PER CENT ALCOHOL CONTROLS 

NUMBER OF || Oe 
WEEK Egg . Length of Egg Length of Egg. Length of 

AT WHICH production life production life production life 

MADE a aa a a a 
Aver- Aver- Aver- Aver- Aver- Aver- 

Range age Range ase Range age Range age Range Range 
age age 

4—22|14. 25] 3-7 | 5.83) 1-10] 3.98) 4-7 | 6.09] 4-30/24.10) 3-7 | 6.17 

3-20/12.63) 2-7 | 5.60} 1-10} 4.44) 2-6 | 5.08) 4-29/20.95) 2-7 | 5.16 

1-19]11.07} 3-8 | 6.46} 1-10] 5.00) 3-7 | 5.70) 8—29/19.70} 3-7 | 6.48 

4—22)12.67| 3-7 | 5.10] 1-11) 4.99} 3-6 | 5.16] 5-28]15.84| 3-7 | 5.99 

4-22)10.80} 3-7 | 5.88} 1-10} 4.55) 2-7 | 5.52) 4-28/19.26) 3-7 | 5.81 

4-23/14.73] 3-7 | 5.95} 1-11] 4.39) 2-7 | 5.45) 5-28/20.59) 3-7 | 5.80 

3-23/12.33] 2-7 | 5.95} 1-11) 3.48] 2-7 | 5.62) 5-28/18.88) 2-7 | 4.75 

9-27/17.77| 3-7 | 5.58] 5.25/13.57| 2-7 | 5.70} 4-29/18.56) 2-7 | 5.56 

1230/21. 80) 3-7 Dates 8—29}19.92) 3-7 5. 37/11-30/19. 50 4-7 | 6.06 

* Indicates time when alcohol cultures were transferred to malted milk. 

Thus, individuals of the second generation after the return to 

normal conditions showed a marked increase in egg production; 

in other words, only a partial retention of the influence of the 

aleohol; and the averages for the generation whose ancestors 

were subjected to alcohol approach those individuals continually 

reared in malted milk. 

Isolations of the third generation made under the same condi- 

tions as have just been described at the beginning of the twenty- 

seventh week, show an average egg production of 21.80 for de- 

scendants of individuals subjected to } per cent alcohol, and 19.92 

for those subjected to 4 per cent, as compared with an average 
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of 19.50 for checks reared continuously in malted milk. At 

this time, after three generations spent in malted milk, all the 

effects of alcohol upon egg production has been lost. 

To summarize: In Proales decipiens individuals of a line 

subjected to the fumes of } and } per cent ethyl alcohol con- 

tinuously for nineteen weeks show a decided reduction in egg 

production while under the influence of the alcohol, but their 

progeny, returned to normal conditions, regain the normal 

egg-producing power after the third generation. 

SUMMARY 

This paper is an account of the normal life-cycle of Proales 

decipiens, with experimental studies of the production of males, 

of the effects of selection during parthenogenetic reproduction, 

and of the effects of alcohol on inherited characteristics. 

1. Statistics are given as to the length of life, the rate of 

reproduction, the number and kind of eggs deposited, with study 

of the variations in these matters. The animal lives about a 

week, then dies with characteristic symptoms of senility. During 

its life it produces several eggs per day, the number increasing to 

a maximum, then decreasing with the onset of old age. 
2. Reproduction by parthenogenesis for about 250 generations 

gave no indication of reduction of vigor in the race in any respect. 

3. During this period, no males appeared. Alteration of the 

environment by changes in the nature and concentration of the 

food, by changes in the temperature at which cultures were 

reared, and changes in the chemical constitution of the medium 

were not accompanied by the appearance of the male form. So 

far as known, the species may be quite without males. 

4. An attempt to increase the egg deposit and average length 

of life through artificial selection carried on for three months, in 
fifteen generations, was without avail, placing this organism in 

the list with other parthenogenetic forms in which selection is 

ineffective. 

5. Treatment with ethyl alcohol in a concentration of + and $ 

per cent for twenty weeks reduced the number of eggs produced 

from an average of 15 to 24 in normal malted milk to an average 
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of 10 to 14 in } per cent alcohol, and 3 to 5 in 3 per cent alcohol, 

although the length of life was little influenced. 

6. The reduction in egg deposit brought about by alcohol was 

not retained beyond the third generation of descendants restored 

to normal conditions of culture. 
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ONE FIGURE 

INTRODUCTION 

The existence of the sense of smell in fishes has been clearly 
shown by Parker, Sheldon, and others. This work has settled 

the question for this group in accordance with Sherrington’s 

definition, which places the sense of smell in the exteroceptive 

system and that of taste in the interoceptive system. 

Comparatively little work of an exact nature has been done 
upon the olfactory sense of amphibia. Reese (’12) tested Diemyc- 
tilus with food and meat juices, but as he failed to control 
the sense of sight, his results are not fully conclusive. 

- Copeland (13) repeated the experiments of Reese, using 

more exact methods. He controlled the visual sense by stimu- 

lating the olfactory epithelium with diffusion from a motionless 
source, and he concludes that there is a definite olfactory sense in 

this animal. 

Risser (714), working upon larvae and adults of the frog 

and the toad, showed that tadpoles of the toad possess an olfac- 

tory sense, while frog tadpoles do not. In the adult toad, he 
was unable to obtain satisfactory data in regard to the exist- 
ence of an olfactory sense except in regard to specific odors. He 
did not, however, obtain any response to food substances with 

which the animals normally come in contact. 
Burr (716) obtained definite olfactory responses in larval 

Amblystoma punctatum. 
An investigation was begun in the spring of 1919 in an endeavor 

to study the correlation of the senses of sight and smell after 

1 Anat. Rec., vol. 20, 1921, p. 189. 
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extirpation of the sense organs in the larvae. Unfortunately, 
all of the animals so treated failed to survive. The present work 

was started in the fall of 1919 in order to get control results for 

the data which it is hoped can later be obtained upon adult forms 
which have been operated upon in early stages of development. 

I take pleasure in thanking Dr. Henry Laurens, under whose 

direction the work has been carried on, for many helpful sugges- 
tions and much useful criticism. The general observations upon 

the behavior of the operated larvae here described were made by 
Doctor Laurens, who performed the necessary operations in the 

spring of 1917. 

MATERIAL AND METHODS 

The same general method of approach was used as in Burr’s 

(16) work, 1.e., removing the embryonic anlage of the sense 

organs. Since the method of operation has been described in 

earlier papers (Laurens, 714, and Burr, 716), no description will 

be necessary here. The operated larvae were kept in battery 

jars stocked with the small crustacea, Daphnia and Cypris, and 
were allowed to grow to a length of about 25 mm. before any of 

the observations were made. 

The adult animals, which were used for the main portion of 

the work, were three individuals selected from a number that 

had been sent to Doctor Laurens from Albuquerque, New 
Mexico, in the spring of 1919. The same individuals were used 

under all the different conditions described in the experimental 

section, in order that the general control of the reactions might 

be more accurate and a more reliable average of reaction obtained. 

The methods applied to these forms were mainly those which 

have been used by Parker in his work on Fundulus and Ameiurus, 

with an application of some of Risser’s methods of experimenta- 

tion. In all the experiments the test aquarium was cleansed 

after each operation and filled with fresh water before continuing 

the tests. 

2 The larvae on which the general observations were made were reared from 

eggs sent to Doctor Laurens by Prof. C. P. Sigerfoos, in the spring of 1917. Dr. 
W. C. Allee also was kind enough to send the author the eggs of A. tigrinum, 

but unfortunately, owing to the vicissitudes of the journey and the shock of sub- 

sequent operation, these animals did not survive. 
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NORMAL BEHAVIOR 

The larvae are in almost incessant motion under laboratory 
conditions, swimming about the aquaria apparently in a con- 

stant search for food. Only after they have become gorged 

with food will they sink to the bottom, and even then they are 

seldom motionless, but continue to move about by combined 
walking and swimming movements, stopping to examine any 

object that attracts their attention. 

The adults used in this work had lived under laboratory con- 

ditions for three months previous to the time of the experimental 

work. The movements of the adult animals are ordinarily not 
particularly rapid, but the application of stimuli causes a re- 
markable acceleration of reaction. If placed in an aquarium 

provided with a float and left undisturbed, the animals will 

generally be found perfectly motionless upon the float, or else 

partly submerged with the head protruding above the surface. 
When placed in an aquarium filled with water to a depth of 

6 or 7 inches, but without a float, the animals are restless for a 

time after their introduction, due probably to the handling which 

they have received. They soon come to rest, however, with only 

an occasional sluggish movement. The animals were admirable 

for the experimental conditions imposed. They can be handled 

singly and show no trace of the educative process which is said 

to occur in some forms, viz., Ameiurus, after having been sub- 

jected to trials of this nature. An attempt was made to obtain 

evidence of any difference in reaction which might occur in this 

way by taking the speed of the reaction as an indicator. The 
last control experiments, with the conditions as nearly as possible 

like the original experiment, showed an average time slightly 

longer than the original. 
During the process of acclimatization, the animals were fed 

solely upon small pieces of earthworm. The degree of visual 

sensibility is high. In many cases the animals will secure the 

earthworm while it is sinking to the bottom of the aquarium. 
If the food has come to rest, the animals often take great interest 
in the observer, and for this reason the walls of the aquarium 
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must be screened for accurate observation in experimental work. 

The screening has the added advantage of reducing the amount 

of light in the aquarium and rendering the animals more quiet 
than they are under a light of higher intensity. The animals 
have a slight tendency to be more restless than usual under 
conditions of hunger. 

RESPIRATORY MECHANISM 

Bruner (?14a) has described the mechanism of the olfactory 

sense organ in relation to the respiratory mechanism in a com- 

parative study of a number of Amphibia. He states that in 

Amblystoma larvae the olfactory process is similar to that of 
frog tadpoles. ‘‘Respiratory water is taken through the nos- 

trils and is the only medium of smell.’”’ He finds that the passage 
from the mouth to the nasal cavity is occluded by a fold of mucous 
membrane, the choanal valve, which prevents either air or water 

from passing out in this direction. These choanal valves per- 

sist until metamorphosis. He distinguishes in general two dis- 
tinct types of respiratory mechanism: in one the respiratory 

medium is allowed to pass from the nasal cavity to the buccal 

cavity, the passage of return being occluded by the choanal 

valves; in the other the respiratory mechanism is completely 

under muscular control and the respiratory medium can’ pass 

freely in and out of the nasal cavity. According to the type of 

respiratory mechanism present, he classifies the forms as ‘‘monos- 

matic, single smellers, in which the olfactory organ is used to test 

only the external medium; and diosmatic forms, double smellers, 

including Siren, Cryptobranchus, Amphiuma, larvae of lungless 
salamanders and the adult stage of higher amphibians.” In 

the diosmatic forms, the olfactory organ is used in testing the 

content of the buccal cavity as well as that of the external 

medium. 

Bruner (14b) mentions that Jacobson’s organ is present in 

Amblystoma adults and that, from the existence of this organ, 
this form should be classed as a diosmatic form. 

As a preliminary to the experiments on the olfactory sense, it 
was deemed expedient to make a study of the water currents 
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passing through the respiratory mechanism and their direction 

and disposal. 
Blinded adult Amblystoma were used on account of the ease 

with which they can be handled as well as the fact that they show 
less reaction to the light stimulus occurring under the conditions 
necessary for observation. 

The animals were placed in a flat glass dish under the binocular 

microscope and the water currents observed by means of a car- 

mine suspension. Three different courses of these currents have 

been observed. 1) A current taken in through the nasal open- 

ings and expelled through the mouth. This condition is the 
customary one persisting during the state of rest of the animal. 

2) A current entering through the nasal passage and the mouth 

and expelled through the same channels. This is the condition 
occurring under stimulation, both the current and the excurrent 

phases taking place with a quick spurt. 3) A current of water 

expelled through the nasal passages (this being the discharge 
of the content of the buccal cavity), a special case occurring 

only when the animals comes to the surface to obtain ‘gulps’ 

of air. Air is taken in either through the nose or the mouth. 

The latter is used for the quick ‘gulps’ of air which the animal 

secures as it appears momentarily upon the surface, while the 

nasal apertures are used when the animal is in a state of rest, 

lying in the water with the snout protruded above the surface. 

The current designated above as 3 occurs infrequently as the 

aftermath of the second method. As a stimulus becomes at- 

tenuated by diffusion, the animal seems to take in water more 

quickly through the mouth that it can be discharged. At such 

a time the currents seem to be simultaneously going into the 

mouth and out through the nasal passages.’ 

3 Vincent and Cameron find that respiratory movements cease in the frog as 

soon as the nares of the animal are under water. This condition has been 

observed by them over several weeks. A preliminary set of experiments, in 

which normal, anaesthetized and decerebrate frogs were used, shows that the inhi- 

bition of the respiratory movements is temporary and that water currents can be 

detected by means of the method given above. The efficiency of the valves 

covering the nares decreases with the time of immersion. None of the animals 

used in this work survived twenty-four hours of immersion. 
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EXPERIMENTS ON LARVAE 

Four series of larvae were kept under observation, namely, 
1) eyeless, those animals in which the optic vesicles had been 
removed; 2) noseless, those which had been deprived of the nasal 

placodes; 3) eyeless and noseless, those from which both the optic 
vesicle and the nasal placodes had been removed; 4): a series of 

normal animals which served as controls and were of considerable 
use in a comparative study. 

Under practically the same conditions, it could be easily seen 
that the normal larvae soon outdistanced the operated in growth. 

- The noseless animals were slightly smaller than the normals of 

the same age. Next in size were the eyeless forms, and finally 

the eyeless and noseless, which were considerably smaller than 
the eyeless. 

In a general way, the rate of growth shows the relative im- 

portance of the senses of sight and smell. The sense of sight 
is of more use in the obtaining of food at this stage than is that of 

smell. If the conditions of the amount of food present are varied, 

however, there is a change in the relative importance of the 

senses, for when food is scarce the sense of smell seems to domi- 

nate. This is shown in the following observation. The noseless 
forms seem to have no ability for distinguishing whether a 

particle is a food substance unless that particle has motion. 

The eyeless forms have a distinct advantage in this connection 

for they will distinguish pieces of organic material. If pieces 

of dead earthworm are placed in an aquarium, the noseless animals 

will push them around as they do other bits of debris, but will 

seldom snap at them. The eyeless, in direct contrast to this, 

will devour the earthworm immediately after coming in contact 
with it. 

A marked difference was noted in the responses to rapidly 

diffusing food substances obtained in the different groups of the 
larvae. When freshly cut earthworms are placed in the aquaria, 

the normal animals begin to swim rapidly about without making 

any attempt to locate the stimulus. They will often snap as they 

pass through the area occupied by the diffusing substances, 
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but keep swimming on and do not stop at the point of the diffu- 

sion which would supposedly be, in this case, the center of at- 

traction. This stimulus is not sufficiently definite and the 
animal swims about until attracted (by sight) to the motion of the 

piece of worm, which is then seized. 
The same indications are given with beef juice or with strips 

of beef instead of earthworm. The animals are stimulated by 

the diffusion, but seldom engulf the food if it remains motionless. 

When the strip of beef is moved by means of an attached thread, 

the animal is quickly attracted and speedily engulfs it. 

The eyeless forms, under the same conditions, also show signs 

of stimulation. Their ability to locate food is less than that of 

the normal larvae. They are easily attracted to any slightly 

moving object, and since they lack the sense of sight it must 

be concluded that there is another factor entering into the reac- 

tion, that of sensitivity to vibration stimuli. Under conditions 

of starvation, an increase in sensitivity to the diffusion of passive 

or motionless objects must result, for the eyeless larvae will 

locate and devour the fecal material within the aquaria. 

The noseless forms are not stimulated by diffusing substances. 
They swim passively about the aquaria after the introduction of 

food materials of different sorts and unless the food exhibits 

motion it is entirely overlooked. Pieces of beef are completely 

ignored, producing no modification in the behavior of the animal 

unless they are agitated, when they are quickly engulfed. 
These experiments, made on larvae of Amblystoma tigrinum, 

thus confirm the results of Burr (16), who used A. punctatum. 

The work has been further extended by the study of individuals 

deprived of both eyes and nose. 

The eyeless and noseless forms show the same behavior as 

the noseless. In general, these larvae remain quiet in the aquaria 

and move about only at intervals. They are absolutely de- 

pendent upon mechanical stimuli in finding food. This is clearly 

shown by the way in which they ignore organic material such as 
killed earthworm or bits of beef. Under conditions of starva- 

tion, they exhibit a certain foraging reaction, pushing the objects 
about within the aquarium in order to discover whether inherent — 



264 J. S. NICHOLAS 

motion is present in these objects. If such motion occurs, the 

animal is stimulated mechanically. At times, however, these . 
animals will snap at any object with which they may come in 

contact and engulf it with a subsequent elimination of the sub- 

stances unfit for food. 
In addition to the observations described above, several ex- 

periments were made using balls of filter-paper which had either 

been previously treated with juices of beef or earthworm or had 
been left untreated. A few experiments with sacks containing 
test substances were also made. As the result of these tests it 

may be said that there is a strong indication that the eyeless 
larvae distinguish their food substances by the sense of smell and 

mechanical stimulation. The normal animals are mainly de- 

pendent upon sight for the final location of food. The noseless 
larvae are dependent upon visible motion. The noseless and eye- 

less larvae have only mechanical stimuli to guide them. 

EXPERIMENTS UPON THE ADULTS 

1. The reactions of normal animals in the light 

Reactions to motionless objects. 'The method used in this case 

was the same as that used by Parker and Sheldon in their 

experiments with Ameiurus, Mustelus, and Fundulus. 

An individual was placed in an aquarium, the sides of which 

had been screened to obviate any distractions that might occur 
from the presence of the observer. The aquarium was a glass- 

enclosed one, 42 cm. in length and 26 cm. wide. This was filled 
to a depth of 10 em. with water. After allowing a period of 

ten minutes for the animal to become adapted to the test aqua- 

rium, small cheesecloth bags, equal in size and suspended at the 

same height in the water, were introduced. These bags allowed 
a rapid diffusion of any substances that might be contained within 

them. The bags were hung from a rod at the top of the aquarium 

by means of a cotton thread. The time taken for the introduc- 
tion of the test materials was at that period at which the animal 

had come to rest at some position near the central portion of the 

aquarium. The bags were then introduced with as little dis- 

turbance of the medium as possible. Because of the variation of 
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the conditions under which experimentation took place, the 

-stimulus caused by the introduction of the test sacks is negligible. 

One of the bags was filled with minced earthworm and was 

weighted with sand, while the other bag contained sand alone. 

Ten trials were made in each series, the three animals being 

tested in turn with at least a thirty-minute interval between 

trials. 

Under normal conditions, the adult Amblystoma moves slowly 

about the aquarium seeking for a projection upon which it can 

rest, preferably upon the surface of the water. Under condi- 

tions of stimulation the animal becomes restless, hastening 

its ordinary movements and proceeding with a greater degree 

of rapidity about the aquarium. It is this increase in activity 

that is spoken of in the following series as the ‘beginning reaction.’ 

All reactions in this series were considered to be consummated 

when the testing material was seized by the animal. 

The conditions under which each animal was tested were con- 

stant in regard to the motion of the test substances. The 

other factors, however, such as the distance of the test substance 
from the animal, the distance of the test substances from each 

other, and the position of the test substances with reference to 

the animal were considered. The variations in the conditions 

preclude any factor that might arise in connection with the above. 

The response to the stimulus was, in every case, a positive one. 

Differentiation between the test substances was always in favor 
of that sack containing the food material. In order to show a 

few of the experiments and the variations imposed as well as the 

procedure, two of the individual cases are given below. 
Trial 4. Animal A. Placed in aquarium at 11.05. Animal 

is restless. Test sacks introduced at 11.20. The animal moves 

restlessly about sides of aquarium, moving to center of the 
aquarium where the sacks are suspended within 2 inches of each 

other, noses earthworm bag, circles sand bag, goes to earthworm 

bag, noses, snaps, and seizes. Reaction is completed in two 

minutes. 

Trial’7. Animal A. Placed in aquarium at 3.10. Test sacks 

introduced 3.15. The animal swims about, passes sand bag, 
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approaches earthworm bag, and seizes. The animal was de- 
tached from bag as quickly as possible and sand bag substituted - 

for it. Animal pays no attention to this bag after nosing it. 

Meanwhile earthworm bag had been placed at far end of aqua- 

rium. Animal turns quickly after nosing sand bag, swims to 

far end of aquarium, noses bag and seizes. The first reaction is 

complete in three minutes, the second, seven minutes after the 

introduction of the sacks. 

The results of this series are tabulated in table 1, series 1 (a), 

at the end of this section. 

Reactions to moving objects. The same kinds of testing sacks 
were used, the conditions of the trials being duplicated in so far 

as possible with but a single variation, that of a moving object. 
A rod, from which the testing sacks were suspended, was held 

by the observer. The time element is partially lost in this case, 

and because of the varying distances of stimulation due to the 

motion of the test sacks, it is deemed an unimportant factor n 

this connection. It is included in the description of the individual 

trials, in order to show the difference in the complete action time 
for the trials under consideration. The reaction is considered 

positive when the test sack is seized or an attempt is made to 
seize it. ; 

The record of one individual case will be given here as typical 

of the series. The results are tabulated in table 1, series 1 

(b). 
Trial 1. Animal C. Placed in aquarium at 10.50. Sand 

bag, introduced at 11.00, kept in motion in front of the animal, 

but held at short intervals at different parts of the body. Animal 
turns at the first approach of the bag and noses it, after which 

it paid no attention to it, although it was kept moving about the 
animal for five minutes. Earthworm bag was substituted for 

sand bag after sand bag has been drawn to end of aquarium away 

from animal. Harthworm bag played before animal. Animal 

follows bag about aquarium, noses it when it comes to rest and 

then seizes. Sand bag substituted and animal allowed to nose it, 

does not follow it, but moves away, coming to rest at opposite 

side of aquarium. 
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All the experiments were positive in this series, the animal 

showing a distinct discrimination between the test substances. 

2. Terrarium experiments 

Reactions to motionless objects. A few experiments were 

made with the animals in a terrarium. The same substances 

were used as in the preceding trials. The animals are almost 

insensible to the presence of test substances, and in but one trial 

in ten was there any indication of a detection of the difference 
between the substances contained in the bags. This was the 
only reaction given, all other trials giving no reaction to either 

bag. The procedure followed was simply to place the bags near 

each other at the bottom of the terrarium and await the reaction. 

The one case recorded as positive showed a reaction about fifteen 

minutes after the introduction of the materials, the animal 

nosing the earthworm bag after passing the sand bag, and snap- 

ping the earthworm bag. 

A comparison between the sensitivity of the adult animal in 
the air and in the water can easily be obtained in the ordinary 

process of feeding. Cut earthworm can be held against the nasal 
apertures of the animal and elicit no response. If, however, the 
animal is so situated that its nasal openings are immersed in water, 

a very small diffusion from the forceps in which earthworms have 
been held is sufficient to give an extremely active response. 

Reactions to moving objects. If the test sacks are moved about 

in a terrarium in the same fashion as that described above for 

the animals in the water, a decided reaction is obtained. In 

many cases the animal seizes the bag with such force that it can 

be lifted from the bottom. This is particularly true with refer- 
ence to the earthworm bag, for the animal will quickly relinquish 

the sand bag. It is probable that the basis of discrimination in 

this case is one of taste. It is likely that this is the same reaction 

as that obtained in the noseless larvae, when the sense of taste 

or perhaps of touch, must enter into the reaction of the rejection 

of particles unfit for food. 
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3. The reactions of normal animals in the dark room. (In 
aquarium) 

The animals were dark adapted for two days before the experi- 

ments were undertaken and were given no food for three days. 
After dark adaptation, the animals are noticeably more sensitive 

to handling and the time required to come to rest is lengthened 

appreciably. A dim red light of mmimum intensity, Just suffi- 

cient for the observer, after a dark adaptation of forty minutes, 

to see the animal in profile, was used for the observations. The 
intensity was so weak that the figures upon a watch dial could 

be read with difficulty just in front of the screened light source. 

This degree of light is probably below the visual threshold of 

Amblystoma (Arey, 19), as evidenced in the reactions of the 

animals during the period of observation preceding the actual 

experiments. Ordinarily, with one side of the aquarium more 
brightly illuminated than the other, the animal, particularly if 
hungry, will tend to move about the sides of the aquarium with 

a preference for the brighter side, being often attracted to its 

own reflection in the glass wall, as well as by slight visible move- 

ments at the side of the aquarium. Under the dark condition, 

the animal moves slowly up and down until it is stopped by the ~ 
aquarium wall, then turning, it may proceed down the center 

of the aquarium, showing no particular preference for the wall. 
Reactions to motionless objects. The test bags were used as in 

the preceding section and the description of one individual case 
will show the procedure with the unvarying positive result 

(table 1, 3a). 
Trial 1. Animal B. Tested by the offering of the two test 

sacks. 'The earth worm bag and the sand bag were placed at 

opposite ends of the aquarium. The animal shows the character- 

istic motor reaction soon after the introduction of the material, 

but seems unable to locate it. Finally locates the object. Posi- 
tions of bags reversed and operation repeated. Animal swims 

restlessly about for some time before approaching object, noses it, 
and seizes it. Asan additional test, a glass vial containing freshly 

cut earthworms was placed in the aquarium. The animal 
immediately becomes restless and, after swimming about for 
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short while, makes for the glass tube, approaching it from closed 
end which was purposely placed toward center of aquarium while 
open end of tube was situated toward side of aquarium and 

touching it. After nosing tube, animal follows up side of tube 

to get to open end, pushing tube across aquarium in an effort to 

obtain diffusing contents. An empty vial produced no reac- 

tion. 

Throughout this series of experiments, the reaction to the vial 

filled with earthworms was much faster than that given to the 

test sacks. The amount of diffusion is greater in the vial experi- 

ments and the diffusion takes place from one side of a definite 

focus in contrast to the test sacks which diffuse on all sides. It 

is likely that the strength or concentration of the diffusing sub- 

stances plays a large part in the difference of the speed of the two 

reactions. 

Reactions to moving objects. The animals were subjected to 

tests with moving objects as in the preceding section. One 
typical case will suffice to show the manipulation used and the 

general result. 

Trial 1. Animal B. Sand bag twitched gently in front of 

animal. Animal follows bag as it is drawn across the aquarium. 

Animal noses bag when it comes to rest. No further reaction. 

Trial repeated with same result. Earthworm bag twitched be- 
fore animal. Response immediate, animal follows, noses when at 

rest and seizes. 

The reaction time of normal animals in darkness is much slower 

than the reaction time in the light, but none the less definite. 
The sensitivity of the animal to vibration stimuli seems to be 

increased, as shown by the fact that the animal will follow the 

sand bag although moved very gently so that the amount of 

motion given to the surrounding medium is quite small. 

4. Experiments upon nose-stopped animals 

Many methods for occluding the sense of smell have been 

tried by experimenters. The closure of the external nares by 

stitching has been used by Parker and his coworkers. The 
cotton-wool plug used by Sheldon and later by Parker has been 
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satisfactory on the forms used by them. In some cases the 
olfactory tracts have been cut. The latter method is the most 

effective, but has the one disadvantage of not permitting a re- 

turn to the normal for control experiments. The cotton-wool 

plug has been found to have certain irritating effects upon the 
nasal epithelium and for this reason as well as for ease of handling, 

a collodion mask was used for occluding the nasal passages in 
this work. 

The method is quite simple. The animal is removed from 

. the aquarium and wrapped in a small hand towel with only the 

head projecting. The anterior portion of the head is dried as - 

much as is possible and the collodion applied over the surface 

prepared in this way and across the nares, making a mask the 

shape of an inverted T, the base of the T extending well up be- 
tween the eyes, while the cross line covers the external nares and 

extends well around the maxilla. The mixture dries rapidly and 
during drying causes some irritation. The animal will get rid 

of the cap if its forefeet are free at this stage. The cap will 

sometimes be removed by the force of the water from the mouth 

or by an excess of mucous secretion on the front of the head, 

but after three or four applications the animal becomes accus- 
tomed to the mask and shows little or no sign of irritation. At 

this stage the nose cap is more or less firmly adherent to the 

head of the animal. The animal is replaced in the water of the 

aquarium and generally becomes quiet in ten or fifteen minutes. 
If the cap has remained fast during this period, it will probably 

remain fixed for at least twelve hours, during which time experi- 

mentation may proceed. 
The respiratory process of the animal is changed by this 

occlusion of the nares. The animal comes to the surface and 

‘gulps’ air by means of the mouth, then sinks and exhales slowly, 
the bubbles of air escaping at the mouth. The act of respira- 

tion affords a constant check upon the effectiveness of the nose 

mask, for if ineffective the water current under pressure from the 

buceal cavity will soon remove it. This mask is easily and 

quickly removed from the animals, after which they respond to 

control tests in exactly the same fashion as in the normal 
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experiments. For the purposes in hand, the method was admir- 

able, although it did require a great deal of patience and con- 
siderable observation to make sure that the nose caps were tight. 

It was with the idea of making a combination hoodwink and nose 
cap that this method was applied, but the irritation resulting 

from the application of the mixture of lampblack and collodion 

to the eyes of the animal was too great to get normal reactions. 

Reactions to motionless objects. After securing a nose mask 

which was satisfactory, the animals were placed in screened 

aquaria in order that the observer might be concealed from view. 

The reaction time was much increased. Twelve minutes, three 

times as long as the average reaction time for the normal, was 

allowed before a test was pronounced negative. The reactions 

were recorded as negative when the animal made no effort to 

obtain either bag and also showed none of the characteristic 

motor activity of a stimulated animal, as positive when the 

animal attempted to nose either bag. In the reactions so re- 
corded, this reaction occurred within five to seven minutes 

after the introduction of test materials into the aquaria. After 
the attempt to nose, the animal paid no further attention to 

either of the bags. 
The reactions obtained show distinctly that animals with the 

sense of smell occluded cannot discriminate between test sub- 

stances, for there was in no case any preference shown, the animals 

nosing the sand bag, on the average, just as frequently as the 

earthworm bag. The reaction is, to a large extent, one of con- 

tact and is accidental. (Table 1, series 4 (a).) 

Reactions to moving objects. In contrast to the above reactions, 

the reactions of the nose-stopped animals to moving objects is 

quite rapid. The test sacks were moved about the aquarium 

at various distances from the animal. All the reactions gave 

an average reaction time of two and two-tenths minutes, the 

animals showing no discriminaton between the test substances, 

in marked contrast to the selective reaction obtained from ani- 

mals with the possession of the normal respiratory mechanism. 

(Table 1, series 4 (b).) 
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5. Experiments with blinded animals 

The animals were anaesthetized with chloretone and the eyes 
removed with a pair of fine scissors. After several hours the 
animals seemed normal and were fed. They were then not 

fed for a period of five days preceding the commencement of the 

following experiments. Animal A, which was not normal, due 
to an inflammation of the external nares, was not used in the 

course of these experiments. The tests were made with the usual 

test sacks. Results are tabulated in table 1, series 5 (a) and (b). 
The average reaction time in this series is almost the same as 

that for the normal. All the tests showed that the animals 

discriminated between the test substances, reacting positively to 

the earthworm sack. . 
In the reactions to moving objects, ten trials were made, all 

giving the same end result. The animals were quickly attracted 
by any movement in the water. They would not, however, 

follow the sand bag, although stimulation was shown by their 

motor activity. They did follow the earthworm bag and would, 

if possible, snap and seize it. 

6. Experiments with nose-stopped and blinded animals 

The external nares of the blinded animals were covered with 

collodion and the animals were subjected to the same trials as 

those given above. The results are the same for both the moy- 

ing and the motionless objects. There was no attraction to 

either object in the motionless series. In the series with the 

moving object, there was a slight motor activity present but 
no definite objective. The results are tabulated in table 1, 

series 6 (a) and (b). 

7. Partitioned aquarium experiments 

An aquarium was divided into two compartments by the inser- 

tion of a glass partition which ran diagonally across it, having a 

slit three-eighths of an inch high between the base of the parti- 

tion and the concrete bottom of the aquarium. This slit afforded 

the means by which diffusing substances could pass to the test 
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side. The arrangement proved very useful in the differentiation 

of sight stimulus from that of smell and was used on all of the 

- four series of animals. Two kinds of substances were used, dif- 
fusible and non-diffusible but visible. For the first, an infusion 

was made of minced earthworm, generally allowed to stand over 

night and filtered in the morning. The resulting extract con- 

tained no visible solid substance, but simply the juices and body 

fluids of the earthworms. This proved to be a very potent sort 

. TABLE 1 

Reactions to test sacks 

NUM- 
g CONDITION OF TEST 

SERIES etc SUBSTANCE REACTION TIME 

minutes 

1 10 |Aquarium (a)Motionless | Positive 3.8 

10 (b)Moying Positive 

Nae zs 10 |Terrarium | (a)Motionless | Positive 15 

ai = 10 (b)Moving Positive 

3 10 |Dark room | (a)Motionless | Positive Over 30 

j 10 |In aquarium] (b)Moving Positive 

: ore 9 
locesteoped ..... 4 10 |Aquarium (a)Motionless | Attracted 1 

10 (b) Moving equally 

3 10 |Aquarium (a)Motionless | Positive 4.2 

1 CLAUSE cme ie é 10 |Aquarium (b) Moving Positive 

Nose-stopped and 6 10 {Aquarium | (a)Motionless | Negative 

blmded® ...22% 3.22 10 |Aquarium | (b)Moving Negative 

of stimulus. It was applied by means of a pipette along the 

wall of the aquarium, and diffusing through the water passed 
under the partition. The observer was screened from view. 
The reactions were remarkably quick and vigorous, in many 

cases the animal moved to the central portion of the partition 

and snapped at the diffusing substances which it perceived but 

certainly did not see. 
The non-diffusing substances used were bits of rubber tubing 

and uncut earthworms. According to the work of Olmsted (718), 
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uncut earthworms will stimulate Ameiurus by slime secreted 

by the skin. This is not the case in A. tigrinum, a fact which may 
indicate that the probable sensitivity of combined air and water ~ 
breathers is not so great as single smellers. Red rubber tubing 

of small diameter was used to simulate earthworms. Uncut 

earthworms were allowed to move about in the half of the aqua- 

rium not containing the Amblystoma. The rubber tubing was 

more effective in eliciting a response if set in motion by means of 

TABLE 2 

Diffusing substances 

TRIALS SERIES SUBSTANCE REACTION 

10 (1) Normal Earthworm infusion Positive 

10 (2) Nose-stopped Earthworm infusion Negative 
10 (3) Blinded Earthworm infusion Positive 

10 (4) Blinded and nose-stopped | Earthworm infusion Negative 

Controlsdistilledswaters ee ves Mere so Seton a oiicives Giese een Negative 

TABLE 3 

Non-diffusing substances 

NUMBER 

OF SERIES STIMULUS REACTION 

TRIALS 

10 (1) Normal Uncut earthworm and tubing |Positive, 

10 (2) Nose-stopped Uncut earthworm and tubing |Positive 

10 (3) Blinded Uncut earthworm and tubing |Negative 

10 (4) Nose-stopped and blinded | Uncut earthworm and tubing |Negative 

a cotton thread. Both objects acted solely as visual stimuli, 

as can be seen from the accompanying table (table 3). 

S§. Experiments with odor streams 

Risser has described an apparatus with which he tested the ol- 

factory reactions of the toad. The apparatus consisted of a test- 

ing chamber into which odors were brought from an odor chamber 

by means of an air current. 
A modification of this method was devised. The source of 

the air current was a compressed-air system, the air being run 
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through a bath of water in a 10-liter container. This container 

acted as a reservoir and served to keep the pressure constant 

(fig. 1). 
The apparatus was first thoroughly tested for the effects 

of air currents under various pressures. It was found that an 

air current evidently stronger than that which Risser used had 
no effect upon the reactions of the experimental animal. ‘This 

current could be distinctly felt on the lips or the surface of the 

tongue of the experimenter. 

Text-figure 1 Diagram of the arrangement of the odor-stream apparatus 

From the flask (A) the air was run through a manometer (J7), and from there to 

the odor chamber (O). A fluid, the odor of which was to be tested, was placed 

in a vial in the odor chamber and the air bubbled through the liquid. <A glass 

nozzle, 0.6 mm. in diameter. was used to conduct the odor stream to the testing 

chamber (T7’). 

For the experiments the Amblystoma were placed in a large 
dish, the bottom of which was covered with moist sand. Various 
pressures between 12 and 48 mm. of mercury were tried; tem- 

perature, 20°C. The average was 24 mm. of mercury. Air 

under this pressure emerging through a 0.5-mm. nozzle gives 

a displacement of 25 ec. of water per minute. 

One of the individual experiments is here given in order to 

show the manipulation of the test substances as well as the 

behavior of the animal under the control trials. 

Animal B: Control test with distilled water. Animal placed 

in testing chamber and allowed to come to rest. Air current 
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under pressure of 12 mm. of mercury applied to external nares, 

the nozzle being held at a distance of 1 mm. from animal. No 

muscular reaction and no respiratory reaction. Under a pressure 

of 36 mm., nozzle was held for three minutes with no reaction on 

part of animal except a raising of head. When air current was 

directed toward different parts of body (region behind the head, 

in front of the limb, trunk region, and the tail region) there was no 

reaction. 

If the animals are partly submerged in water and the air cur- 

rent is allowed to produce a series of bubbles, the animal is 

TABLE 4' 

Reactions to odor streams 

STIMULUS ee? TIME REACTION TRIAL 

mm. 

IDEN IW OWING Son 65s aeos neue 24 3 min. | No reaction Negative 

Turpentine, oil of......... 24 3 min. | No reaction Negative 

@arboliciacidie .;..2-....5| 24 3 min. | No reaction Negative 

Militar clovergenias. aloe a 24 | 20sec. | Shakes head—draws away|Positive 

Oil of wintergreen......... 24 3 min. | No reaction Negative 

Ben cammotrettionn gcc csco. cece 24 3 min. | No reaction Negative 

PAINTING pect sit peed Soka aie 24 3 min. | No reaction Negative 

Ammonia, concentrated...| 24 1lsec. | Withdraws violently Positive 

Formol, 40 per cent........ 24 3 min. | No reaction Negative 

Ghioroformens san .aee = yae- 24 1 min. | Withdraws from current |Positive 

Distilled water...2.2./.....<| 24 3 min. | No reaction ; Negative 

1 A trial is designated as negative when there is no reaction after three minutes’ 

exposure; positive, when there is motor activity resulting from the stimulus. 

-mechanically stimulated and snaps at the bubbles. This stimu- 

lation is quite strong in the region just anterior to the forelimb, 

and is active, although less so, in the tail region. The trunk 
region proper shows but little sensitivity. 

In testing odoriferous currents, a maximum exposure of three 

minutes was allowed, after which the trial was declared to be 
negative. ‘The reaction was designated as positive if the animal 

moved toward the air current or away from it. A discussion of 
the results obtained and a comparison with those of Risser will 

be found in the next section. 
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DISCUSSION 

The observations upon the operated larvae show that A. 

tigrinum possesses an olfactory sense. They also indicate the 

relative importance of the senses of sight and smell. Sight is 

undoubtedly the predominant sense in the obtaining of food, 

although it is rather interesting to observe that under conditions 

of paucity of food the animals in which the organ of sight has 

been removed, long before it could possibly function, have a 
more highly developed sensitivity toward objects giving an 

olfactory stimulus than do the normal animals. There seems 

to be a dominance of one sense over the other, this dominance 
being clearly detrimental to the animal under adverse conditions. 

This same condition is demonstrated in the observations upon the 

adult forms. -A comparison between the ability of the blinded 
~ adults to obtain food and of normal individuals in the dark room 

is striking. Blinded adults give a positive reaction to olfactory 

stimulation in practically the same time as normal animals in 

the light. Risser has noted that there is what he has termed an 

inhibitory effect of the eyes over the nose in the toad. It is 

true that an animal possessing sight cannot accommodate it- 
self to olfactory stimulation under conditions of darkness in the 

same time that blinded animals which have become accustomed 

to obtain food substances without the intermediation of sight can 

do so. 
The factor of taste and its relation to the problem must be 

considered. Although the animals are no-e-stopped (tables 1, 
series 4; 2, series 2; and 3, series 2), the orgaus of taste are un- 

disturbed by this procedure. Water currents are passing in and 

out of the animal’s mouth and some of the diffusing substance 

should come in contact with the taste buds. If the taste buds 

are responsible for the reaction, there should be a reaction even 

in nose-stopped animals. This is not found. In this case, how- 

ever, the eye is a considerable factor, as is shown by the reaction 

elicited by moving objects. In the series with eyes removed and 

the nasal passages closed (tables 1, series 6; 2, series 4; and 3, 

series 4) there is no reaction to any stimulus applied. ‘The sense 

of taste, therefore, can be regarded as a negligible factor. 
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The experiments in the partitioned aquarium (summarized 

in tables 2 and 3) show that animals possessing sight respond 

to stimuli, which because of their non-diffusibility have no 
effect upon the olfactory organ. The animals which have been 

deprived of sight can respond only to diffusing substances. In 

every case, the animals which could use neither sight nor smell 

are negative to all forms of olfactory stimulus. 

Parker, in his work on fishes, found that the organs of the lateral 

line and the general chemical sense which are present in the skin 

had to be occluded in his analysis of results. This was accom- 

plished by painting the animals with magnesium sulphate. 

This method was tried upon the Amblystoma adult to see if a 
definite factor of skin sensitivity might be present, but with no 

result. The use of alkalis or acids such as were employed by 
Parker and Sheldon (712) or those used by Crozier (’16) might 

show the nature of this sense in the larvae of Amblystoma, but 
in relation to the stimuli employed, the skin sense was not shown 

to be in any sense discriminatory. 

Parker and Sheldon (’12) point out that much of the work 

done by Aronsohn (’86) in which he uses oil of cloves in order to 

test the sense of smell in the goldfish, is inconclusive because of 

the use of an irritating substance. In their own experiments, 
they used normal substances for testing the olfactory sense. 

The results obtained by Risser (’14) with the odor-stream 

apparatus are inconclusive. He states in his summary: ‘‘Odor 
streams specific in character, made to flow over and into the 
nasal openings stimulate the olfactory sense organ; such stimu- 

lation causing definite motor activities to follow,’ and further, 

‘“‘appropriate operation are confirmatory that stimulation by 

such odor streams is olfactory. Section of the olfactory tract 

inhibits the reactions. Olfactory stimulation and reaction are 
not affected by section of the ophthalmic branch of the trigeminal 

nerve.” 

The materials which Risser used and which, therefore, are 
to be assumed as odor streams ‘specific’ in character, are a large 
number of essential oils together with some food substances. 

A glance at his data shows that positive reactions were obtained 
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with irritating substances. The presence of substances such 

as ammonia or oil of cloves will cause a motor reaction in A. 
tigrinum as a reflex of skin irritation. 

The results of the present series might be summed up as 

follows. Normal animals will discriminate between test sub- 
stances and react positively toward the substance giving an 

olfactory stimulus, whether that substance is moving or motion- 

less, and whether the animal is under conditions of light or 
of darkness. 

Animals deprived of the olfactory sense by occluding the nasal 

passages show the same reaction to both test substances and react 
more quickly to moving substances than do the normal animals. 
There is no olfactory discrimination. 

Animals which have been blinded respond to olfactory stimulus. 

If a moving object does not give rise to olfactory stimulation, the 
animal moves about in an indefinite manner without a definite 

objective, but will locate and try to obtain a moving focus 
giving an olfactory stimulus. 

Animals which have been blinded and nose-stopped give no 

reactions except to moving objects and show no discrimination 

between test substances. 

Normal animals give no reactions to normal substances carried 

in odor streams. They will, however, give motor reactions to 

irritating substances. 

SUMMARY 

1. General observations upon the growth and behavior of 

operated larvae show that the visual sense is the primary sense 
used in obtaining food. 

2. When motionless food substances are the only ones present, 
the olfactory apparatus functions to a greater extent in eae 

larvae than it does in normal animals. 

3. The experiments upon adult animals (table 1) indicate 

that, while the eye is the most important agent in obtaining 

food, yet with the nose alone the animals are capable of detect- 
ing and locating definite food substances. 
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4. When the animals are tested in darkness (table 1, series 

3), the evident retardation in the time of reaction is due to the 
dependence of the animal upon the sense of sight. | 

5. After the removal of the eyes of the animals, they become 
accustomed to use the olfactory organ only and in this way the 

remaining sense organ is correlated to the needs of the animal. 

6. Experiments performed with diffusing and non-diffusing 
substances (tables 2 and 3) demonstrate the fact that an animal 

possessing the optic sense is stimulated by non-diffusing sub- 

stances, while those possessing the olfactory sense are stimulated 

by diffusing substances. 

7. Odor streams involving the use of a number of substances 

(table 4) elicit no response on the part of the animal unless the 
substance used possesses irritating properties, in which case the 

animal responds by a decided motor reaction. 

8. Responses to motionless test substances in air (table 1, 

series 3) show that the animal can find food substances, although 

the reaction time is longer than if the animal and the test sub- 

stance are submerged. 

9. The experiments indicate clearly that there is a definite 

olfactory sense in both the larvae and the adults of Amblystoma 

tigrinum. 
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Resumen por el autor, A. Franklin Shull 

Volumen nuclear relativo y el ciclo vital de Hydatina senta. 

El volumen relativo de los nticleos de la glandula vitelina au- 

ment6é durante diecinueve generaciones; el de los nticleos del 

est6mago-intestino permaneciéd constante durante la primera 

mitad de este periodo disminuyendo ligeramente después. Nin- 

guno de estos cambios esta relacionado con la alternancia de la 

reproduccién partenogenética y sexual. El volumen relativo 

de los nticleos de la glandula vitelina aument6 marcadamente con 

la edad del animal, mientras que el de los del est6mago-intestino 

aumenté ligeramente o no aumenté en absoluto. El ntcleo 

de los ovocitos disminuy6 en volumen relativo durante el creci- 

miento de la célula, pero no cambié en relacién con la edad del 
individuo o durante una serie de generaciones. No existe dife- 

rencia entre los productores de machos y los productores de hem- 

bras en lo referente al volumen nuclear relativo. 

Los cambios relativos observados se deben a cambios en el 

volumen nuclear en algunos casos, en el volumen citosémico en 

algunos, y en el volumen nuclear y citos6mico en otros. Estos 

hechos indican que la teorfa de Herteig y otros que suponen que 

la alternancia de reproducci6n sexual y partenogenética depende 

de cambios en el volumen nuclear relativo no es aplicable al 

caso de Hydatina, porque dicha teorfa requeriria un aumento 

del volumen nuclear relativo durante o antes de cada epidemia 

de productores de machos, un volumen nuclear mayor en los 

adultos de edad media que en los jévenes y viejos, un volumen 

nuclear mayor en los rotiferos criados en agua de manantial que 

en los cultivados en solucién de estiéreol y un volumen mayor 

en los productores de machos que en los productores de hembras. 

Translation by José F. Nonidez 

Cornell Medical Collgee, New York 
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ORIGIN OF THE IDEA OF SIGNIFICANCE OF NUCLEAR VOLUME 

The idea that the relative volume of the nucleus, as compared 

with the volume of the cytosome, is a causal factor in metabolic 

processes appears to have had its origin in the early observation 

that large cells have large nuclei, small cells small nuclei. The 

extent of the surface of contact between the nucleus and the 

surrounding protoplasm offered a possible explanation of the 
degree of interaction of these two parts of the cell—an interaction 
which most authors have regarded as highly important in cell 

physiology. When it was found that under certain circumstances 

the relative volumes of nucleus and cytosome vary, the dis- 

coverers were not slow to seize upon these variations as possible 

physiological factors. 

Hertwig (’03), to whom is due the chief development of the 
idea, found, for example, that the relative size of the nucleus in 

the Protozoa varies in relation to changes in their life-cycle. 

Actinosphaerium reared under favorable conditions exhibits a 

eradual increase of nuclear size through a series of generations, at 

the end of which the former relative size of the nucleus is restored 

by extrusion of part of the excess chromatin into the cytoplasm. 
Similar observations were made by Popoff (’08, ’09 a) on Fron- 

tonia, Stylonychia, and Paramecium. Supporting evidence was 

found in the work of Gerassimow (’02, ’05) upon several species 

of Spirogyra, in which he was able to show that a change in the 
size of the nucleus leads to a corresponding change in the size of 

the cell, and that, under favorable conditions, when the relative 

volume of the nucleus reaches a certain value cell division ensues. 
Boveri (’03, ’05) extended the general idea of a normal size rela- 

tion between nucleus and cytosome to the metazoa by discovering 

that in sea-urchin larvae, in which multipolar mitoses produce 

nuclei containing various numbers of chromosomes, the size of 

both the nucleus and the cell depends upon the number of chro- 

mosomes. His measurements indicated that the surface of the 

nucleus and the volume of the cell are proportional to the number 

of chromosomes. 

From some of these investigations and others mentioned be- 
low Hertwig formulated his idea of the significance of relative 
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nuclear size as follows. Under normal conditions the quotient 
obtained by dividing nuclear volume by cytosomal volume (the 

Kernplasmarelation, K/P) has a certain value (the Kernplas- 

manorm). Any disturbance of this ratio, due to a change in 
either nuclear or cytosomal volume, leads to a condition of ten- 

sion (Kernplasmaspannung). ‘This tension is a factor in the cell 

physiology, and leads to certain consequences, some of which 

Hertwig pointed out. 

APPLICATIONS OF THE IDEA 

Other investigators have applied the conception to a variety of 

fields. A fair notion of the importance attached to changes of 

the Kernplasmarelation can only be gained by contemplating the 

wide range of phenomena which biologists have sought to ex- 

plain on this basis or which have a bearing on the ratio. The 
list which follows is incomplete. 

1. Size of cell. The work of Gerassimow and of Boveri has 

already been cited. Godlewski (’08) attributes giant cells in 

echinoderms to an increase of nuclear material. Hegner (’19, 
’20) finds nuclear volume in Arcella related both as cause and as 
effect, to cell size, and Popoff (09 a) explains changes of size in 

Paramecium by changes in the value of K/P. 

2. Physiology of cell. Hertwig (03) conceived the idea that 

increase of cell activity is associated with (causes?) an increase of 
relative nuclear volume. A decrease of nuclear ratio has been 
held responsible for senescence (Minot, ’08). The nucleus en- 

larges in the degeneration of Amoeba (Prandtl, ’07). 

3. Cell division. Changes of the ratio K/P may cause or 
postpone cell division, according to Hertwig (’08), and it makes 

no difference whether the change in the ratio is due to changes in 
nuclear volume or to changes in cytosomal volume. Geras- 

simow’s similar conclusion has already been mentioned. Popoff 

(08, ’09) discovered a regular decrease? of relative nuclear volume 

2 Some confusion has been introduced into the literature by the fact that 

Popoff, Godlewski, Rautmann, Eycleshymer, and Metcalf express the nucleo- 

plasma ratio as the quotient of the cytosomal volume divided by the nuclear 

volume (P/K), whereas all other authors follow Hertwig in placing the nuclear 
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for a few hours after division in Paramecium and Frontonia, 

followed by an increase up to the time of the next division, and 
held that cell division occurred when the ratio K/P had increased 
to a certain value. 

4, Embryonic development. Godlewski (08) found that in 

Echinus the nucleoplasma ratio increases greatly up to the 64-cell 

stage, but changes little after that, and Koehler (’12) reports a 

similar increase in Strongylocentrotus. In Crepidula Conklin 

states that this increase during segmentation is less than has been 

supposed. Eycleshymer (’04) demonstrated a decrease of K/P 

during embryonic development of Necturus, and Child (715) 

points out that as a rule differentiated cells have relatively smaller 

nuclei than embryonic cells. Herlant (17) found that in the 
artificially activated sea-urchin egg there are two periods of 

increase of K/P, separated by a period of decrease, and that the 

accessory treatment must be applied during one of the periods of 

increase if segmentation is to be caused. 

5. Regeneration. Godlewski (10), Metcalf (15), and Suther- 

land (15) describe an increase of the Kernplasmarelation in 

regenerating tissue, though in some cases the increase was pre- 

ceded by a short period of decrease or of fluctuation. 

6. Sex. Hertwig (’03) calls attention to the striking difference 

between the low nucleoplasma ratio in eggs and the high value of 

that ratio in spermatozoa, and sees in this difference a cardinal 

distinction between the sexes. Sexual dimorphism is attributed 

by him to the same difference. From the statements of Oeh- 
ninger (’13) concerning the absolute sizes of the nuclei in the 

volume in the numerator of the fraction (K/P). Rautmann explains that it ismore 

convenient to reverse the terms, since on Hertwig’s plan the value isnearly always 

a fraction. The other four authors offer no explanation of the reversal, nor do 

they indicate that they are aware that they have reversed the terms. Decision 

as to the relative value of these two formulas for the Kernplasmarelation should 

depend on whether it is the nucleus or cytoplasm that is most active in changing 

the value of the ratio. If, as most investigators who attach any importance to 

this ratio of volumes hold, the active changes are chiefly if not exclusively due to 

changes of the nucleus, the formula of the ratio should be such that the value 

would increase as the nuclear volume increases. This can be done only by placing 

the nuclear volume in the numerator, thus, following Hertwig, K/P. In this 

paper the confusion resulting from the two opposed practices is obviated by trans- 

lating all conclusions in terms of the formula K/P. 
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male and the female honey-bee I infer that the Kernplasmarela- 

tion is about the same in both sexes, notwithstanding that the 

male is presumably haploid. Woltereck (’11) is frankly critical 

of the applicability of the Kernplasma theory to the problem of 

sex determination, particularly, however, in parthenogenetic 
species. 

7. Age. The relation of nuclear volume to the age of the egg 

(Herlant) and to the age of the embryo (Eycleshymer) is men- 

tioned above under 4. Berezowski (’10) describes a decrease of 

the Kernplasmaratio in the mouse during the first five months 

after birth, and Minot (’08) bases an important part of his theory 

of age and death on the conclusion that a decrease of the ratio 

K/P not only accompanies but causes senescence. 

8. External conditions. The relative size of the nucleus in 

various organisms is found to be greater at low temperature than 

at high, by Erdmann (’08), Hartmann (719 a), Koehler (12), 
Popoff (’08), and Rautmann (’09), and, by inference, Papanicolau 

(10), though Rautmann observed that increase of temperature 
above 20° reversed the change of the ratio in Paramecium, making 
the nucleus larger, instead of smaller as in the case of increases of 

temperature up to 20°. With high nutrition Hertwig (’03) ob- 

served an increase of relative nuclear size in Actinosphaerium and 

Paramecium, while Morgulis (11) obtained an increase of K/P 

with starvation in the guinea-pig, with some discordant results in 

the rat. Popoff (09b) imereased the size of the nucleus in 

Paramecium by means of chemical substances in the water. 

Absorption of water decreases the K/P relation in the pluteus of 

Strongylocentrotus (Erdmann, ’08). 
9. Depression periods in Protozoa. The periods of depression, 

common in Protozoa, were found by Popoff (07) to be accom- 

panied or preceded by enlargement of the nuclei, and subjecting 

these Protozoa to certain chemical solutions produced both de- 

pression and nuclear increase (Popoff, ’09b). A similar conclu- 

sion is reached by Hartmann (19a) for certain Cladocera, in 
which the periods of depression are said to be characterized by a 

high K/P ratio. Hertwig (’08) discusses with approval the sug- 

gested connection between depression and relative nuclear size. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 3 
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10. Parthenogenesis. Issakowitsch (’07) holds that long-con- 

tinued parthenogenesis results in an increase of the nucleoplasma 

ratio m daphnians—a conclusion also reached by Popoff (’07) 

and Hartmann (19a). 
11. Alternating life-cycles. In Cladocera Issakowitsch (’07) 

infers from degeneration phenomena that the alternating phases 

of parthenogenesis and sexual reproduction are governed by 

changes of the Kernplasmarelation—a conclusion supported by 
Popoff (07), who generalizes from a study of the Protozoa. 

Papanicolau (710), after a brief study of intestinal cells in Clado- 

cera, also concludes that the alternating modes of reproduction 
are ushered in by changes of the nucleoplasma ratio—a view con- 

curred in by Hartmann (719 a). Strohl (’08), however, attacks 

this view on theoretical grounds, and Woltereck (’11) offers 

various reasons why the K/P relation can be only secondarily 
related to the mode of reproduction, if it has anything to do with 

the cycle at all. 

The above citations are not a complete list, but are probably 

representative of the types of phenomena which have been held 

to be explained by, or to cause, changes of relative nuclear volume. 

They indicate that, among certain biologists, the relative volume 

of nucleus and cytoplasm is regarded as an important factor in 

physiology. No further general discussion of the question is 

contemplated in this paper. Since, however, the observations 

and experiments here reported bear particularly upon items 10 

and 11 in the above list, it is deemed necessary to enlarge upon 

the application of the Kernplasmarelation theory to partheno- 

genesis and its alternation with bisexual reproduction. 

RELATIVE NUGLEAR VOLUME IN THE LIFE-CYCLES OF PARTHENO- 
GENETIC ANIMALS 

The first discoveries of the relation of the relative nuclear 

volume to cyclical phenomena involving a series of generations 

were made in the Protozoa by Hertwig, Popoff, and others, as 
related above. Hertwig concludes, from his own studies and 
those of other workers on Paramecium, Actinosphaerium, Fron- 

tonia, and Dileptus, that the size of the nucleus increases during 
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continued vegetative reproduction until such a size is reached as 

ineapacitates the cell for further activity by preventing the usual 
metabolic processes. In this condition the cell remains until it 

either, 1) dies or, 2) conjugates or, 3) reorganizes itself by eliminat- 

ing some of the nuclear matter to the cytoplasm. By either 

of the last two processes the ‘normal’ relative volume of the 

nucleus to cytosome (‘Kernplasmanorm,’ Hertwig, ’08, p. 9) is 
restored, and the cell rendered again capable of a series of vegeta- 

tive divisions. 

Extension of this theory to other cyclical phenomena was no 

doubt hastened by the discovery that the two sexes of certain 
animals, or at least their germ cells, are distinguished by different 

nucleoplasma ratios. Hertwig (’05) conceived that any crease 

of the quotient K/P would lead to the production of males, de- 
crease of that quotient favoring females. Inasmuch as the alter- 

nation of parthenogenesis and sexual reproduction was then re- 

garded, and by many biologists is still regarded, as a phenomenon 

of sex determination, those who were working with such alternat- 

ing cycles were quick to suggest that volumetric changes of the 

nucleus are responsible for the change from one mode of reproduc- 

tion to the other. On the basis of experiments performed by 

Issakowitsch on Cladocera, Hertwig (’05) concluded that the 
change from the parthenogenetic to the sexual mode of reproduc- 

tion is a direct result of an increase of the Kernplasmarelation; 
that is, of an increase of nuclear volume relative to cytosomal 

volume. This view was adopted by Issakowitsch (’07). It does 
not appear that any measurements of nuclear and cytosomal 
volumes in the daphnids were made by Issakowitsch. The 

evidence obtained from the daphnids was indirect. Long-con- 
tinued parthenogenesis led to a ‘physiological degeneration,’ one 

sign of which was the disintegration of eggs in the brood chamber 

at the end of such a series. Since in Protozoa these periods of 

depression (‘physiological degeneration’) were preceded or accom- 

panied by an enlargement of the nucleus, it was assumed by 

Hertwig and Issakowitsch that a similar increase of the nucleus 

probably occurred also in the daphnians. Furthermore, the ef- 

fect of temperature upon Protozoa and the daphnians, while not 
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then specifically employed as an argument by either of these au- 
thors, may have led them unconsciously to the same conclusion. 

Low temperature caused a relative increase of the nucleus in the 

Protozoa, low temperature hastened the advent of sexual forms 

in daphnians; if low temperature also increases the relative nu- 

clear volume in the daphnids, the Kernplasma theory is again 

supported. 
In accordance with the above facts, Hertwig and Issakowitsch 

conceive the ratio K/P to change during the life-cycle as follows. 

It is least in the early generations descended from the fertilized 

egg. With continued parthenogenesis and favorable conditions 

of nutrition and temperature, the ratio increases, the volume of 

the nucleus increasing relatively more than the volume of the 

cytosome. Low temperature and deficient nutrition hasten the 

increase. When a given high value of the ratio K/P is reached, 

males are produced. With a further slight increase in the ratio, 

sexual eggs are formed by the fusion of groups of odgonia, and 

in this fusion the Kernplasmarelation is reduced. 

Issakowitsch (’07) specifically states, and Hertwig’s writings 

imply, that in these changes of the life-cycle it is the Kernplas- 

marelation of the egg that is concerned. Other tissues, however, 

were studied by Papanicolau (’10 b) with a view to testing the 

Kernplasma theory. In conjunction with a number of experi- 

ments with daphnians, many of the animals from different phases 

of the life-cycle and from different environmental conditions 

were fixed. Preparations of the intestinal epithelium, composed 

of flat polygonal cells, were made. In the paper cited are given 

figures of these intestinal cells, and in some of them the cells 
and nuclei are both distinctly larger than in others. While 

Papanicolau nowhere specifically states that the relative volume 

of the nucleus is greater in any of these cells than in others, he 
nevertheless concludes that they support the Kernplasmarelation 

theory of Hertwig and Issakowitsch. 

The portion of Papanicolau’s paper dealing with the Kern- 

plasmarelation was admittedly a preliminary report. No more 

extensive investigations have been published, however. I have 

therefore had photographic enlargements of his figures made, and 



NUCLEAR VOLUME AND LIFE-CYCLE OF HYDATINA 291 

have measured the nuclei and cytoplasm with a planimeter in 

accordance with the method described below, in order to discover 

more precisely the grounds for this conclusion. The results, 

stated in simple averages for all of the cells in each figure, are 

as follows. 
A parthenogenetic female Moina, taken from an early genera- 

tion after the fertilized egg and from a culture at high temperature 
(Papanicolau’s fig. 1), which should for both of these reasons 

have a small Kernplasmarelation, shows a ratio of nuclear area 

to cytosomal area of 0.229. In his figure 2 are similar cells from 

a parthenogenetic female likewise from an early generation, for 

which reason the Kernplasmarelation should be small; but this 

female was reared at room temperature, hence the nuclear volume 

should be relatively somewhat greater than in figure 1. The 
ratio of nuclear area to cytosomal area in this figure is 0.231. 
Papanicolau’s figures 3 and 4 represent, respectively, a partheno- 

genetic and a sexual female from a middle period of the life- 
cycle. Presumably both of these should show a larger Kern- 
plasmarelation than either figure 1 or figure 2 and that of figure 4 

should be greater than that of figure 3. The measurements show 

the relative nuclear area to be 0.354 in figure 3 and 0.351 

in figure 4. 
In his figure 5, which is from an early generation, but from a 

starved animal at room temperature, and which should have 

relatively larger nuclei than figures 1 and 2, though perhaps not 

greater than figures 3 and 4, the ratio K/P is found to be 0.512. 
His figures 6 and 7 are from intestinal cells of Simocephalus, 

the two specimens differing in that the former is from a somewhat 

earlier period in the life-cycle than the latter, and the first was 

reared at room temperature, the second at low temperature. On 

both these counts figure 7 should show a larger Kernplasmarela- 

tion than figure 6. The actual ratios indicated by measurement 

are 0.175 for figure 6, 0.209 for figure 7. 

With one exception the differences in these figures are of the 
kind assumed by Papanicolau, though in one instance the dif- 

ference is very small. Whether any of the differences are signifi- 

eant cannot be determined statistically, since none of the figures 
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represent more than thirteen cells, and one of them includes only 
five. In the absence of any knowledge of the variability of the 

cells of the intestine, of the variability of the individual animals — 

reared under like conditions, and of the precautions taken to 

prevent unconscious selection in making the drawings, no cri- 

terion of the value of the above figures is possible. At least it 

cannot be said that Papanicolau’s conclusions are incorrect. 

Hartmann (’19a) studied other species of Cladocera, employing ~ 

the hypodermis and certain ganglia as well as the intestine, and in 
general confirms Papanicolau’s conclusions. His observations on 

changes associated with differences of temperature and differences 
of position in the cycle appear to have been made on animals 

collected from nature, rather than on experimental animals, so 

that one may question what other differences in the environment 

were involved; but his conclusion is that low temperature (also 

Hartmann, 719b) and long-continued parthenogenesis increase 

the ratio K/P. An attempt to change this ratio by chemical 

substances gave results which, according to the author, are 
plainly seen; but he exhibits these effects by drawings rather than 

measurements, and I find it difficult to convince myself that there 
is any difference in the K/P ratio. Hartman also tests the ratio 

of volume of the nucleolus to that of the nucleus (N/K), and 

finds that on the whole it changes in the same manner as does 

K/P. The whole question of the significance of the relative 

nuclear volume is discussed in considerable detail, in terms of 
nuclear volume and surface and cell volume and surface, with 

many formulas, not so much in relation to discovered facts as in 
relation to facts that may conceivably sometime be discovered. 

Hertwig does not apparently express any opinion of the exten- 

sion of the idea that the relative nuclear volume is of physio- 
logical significance to somatic tissues, but he does expressly 

sanction its application to parthenogenetic species. Nor was the 

idea a mere passing fancy with Hertwig, for it appears in a series 

of papers over a period of years. Furthermore, it is clear that he 
regarded the relative volume of the nucleus as a causal factor, not 

a mere accompaniment. 
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In view of this strong support of the Kernplasmarelation theory 

from responsible quarters and its widespread application to a 

variety of phenomena, it seemed desirable, when opportunity was 

offered to test it in one of its phases in an animal that afforded at 

least a chance of separating causes from effects or inconsequential 

events, that such opportunity be embraced. Hydatina seems to 

present the requisite material, for reasons stated below. 

HYDATINA AS MATERIAL FOR THE STUDY OF THE KERN PLASMA- 
RELATION IN A PARTHENOGENETIC ANIMAL 

The life-cycle of Hydatina senta is more accurately known 

than that of any other animal exhibiting its type of partheno- 

genesis. There is no longer any disagreement among recent in- 

vestigators regarding the effectiveness of external conditions in 

altering the life-cycle. Moreover, the precise point in the cycle 
at which the external agents are effective is known. It has been 

shown (Shull, 712) that artificial modifications of the cycle must 

occur in the growth or maturation period of the egg. 
There are, moreover, at least three independent ways in which 

the Kernplasmarelation may be connected with changes in the 

life-cycle if Hertwig’s views are correct. First, many lines of 
rotifers show a marked periodicity (Shull, 715) in the production 
of males, periods of many male-producers alternating with 

(usually) longer periods of few male-producers. The ratio K/P 

should change with these alternating periods. 

Second, male-production is related to the age of the parents 

(Shull, 710). The first eggs laid by a female yield relatively few 
male-producers; the number of male-producers in the family 

increases gradually up to the middle of the family, at which time 

they are three or four times as common as at the beginning, and 

then they become gradually less frequent to the end of the family. 
There should be a corresponding change of the Kernplasmarela- 

tion during the lifetime of the parent. 
Third, external agents profoundly alter the number of male- 

producers. Manure solution, one of the most effective of the 

agents that repress the sexual phase, may easily exclude male- 
producers altogether. Animals reared in manure solution should, 
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therefore, show a different Kernplasmarelation from those reared 
in spring water. 

Hydatina has also the advantage of being free from certain 
objections which pertain to other material. First, the cells do 
not divide after the adult condition is reached. Martini (712) 
showed that the number of cells was (usually) the same in all 

individuals. Since this is as true of young adults as of old ones, 
it follows that there are no cell divisions in the adult (except, of 
course, the maturation division of the oécyte). Although it has 
since been pointed out (Shull, ’18) that the cell number is not as 

constant as Martini supposed, there is nothing in the new dis- 

coveries to indicate that cells divide in the adult. The absence 
of cell division eliminates one source of error in the measurement 

of the Kernplasmarelation in other tissues than the oécytes, since 
there is no danger of measuring cells Just prior to division, at 

which time the nuclei become rapidly larger (‘divisional growth’ 

of Hertwig). 

Second, there is no chromidial apparatus in the cytoplasm 

which might interfere with an accurate determination of nuclear 

volume—a difficulty which Hertwig found in certain Protozoa. 

The yolk gland of Hydatina occasionally contains deeply staining 

masses which are probably not related to chromatin, but no 

such specimens were used in this work. 

Third, differences in environment need not introduce any dis- 
crepancies in K/P, the Kernplasmarelation, since the animals 

are small and their life short. Except in those experiments in 

which differences of environment were intentional, the conditions 
under which animals to be compared were reared were alike and 

highly uniform. 

Even the foregoing advantages of Hydatina for the study of 

the Kernplasmarelation might not have led me into so laborious 

an investigation, but for the further circumstance that a dif- 
ference in the quantity of chromatin between the male-producing 

and female-producing individuals might thereby be detected. 

From a cytological study no difference in chromosome number 

had been detected (Shull, ’21), but it was suggested to me by 

several biologists that the quantity of chromatin might neverthe- 
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less be greater in one kind of female than the other. An investi- 

gation of the nuclear volume offered a test of this suggestion. 

TESTS EMPLOYED 

Periodicity of male-production. One of the lines of rotifers used 

for this study showed to a marked degree the periodicity of male- 

production which I have described (Shull, 715) as being common 

in other lines. This line was reared in a way which would show 

the periodicity more sharply than the usual complete family- 

pedigree method. A dozen young female-producing females of 

about the same age were placed together in a dish, where they 

were kept until about twenty-four hours after egg-laying began. 

They were then removed to another dish and given fresh food. 

The young hatching from the first eggs laid after this transfer 

were isolated and reared to maturity, the number of male-pro- 

ducers and female-producers being recorded. From the female- 

producers a number were selected and, about twenty-four hours 

after their egg-laying began, put into a dish with fresh food. 

The earliest-hatching young in this dish, up to as high a number 

as could conveniently be handled, were isolated as before and 

reared to maturity, the number of male-producers and female- 

producers being again recorded. By this means a series of 

generations was obtained in which the confusion arising from the 
overlapping of late members of one generation and the early 

members of the next is avoided. The families are not complete, 

each generation being represented only by members from the 
middle of the family, at which time they are most likely (Shull, 

’10) to be male-producers. 

The periodicity of male-production in this line is quite evident 

from the records which are given in table 1. Two distinct periods 

of male-production occurred, each preceded and followed by a 

period of few male-producers. 

From each of these generations a number of female-producers 

and sometimes also male-producers, were fixed in Bouin’s fluid. 

They were sectioned 5y in thickness and stained with iron hema- 

toxylin followed by eosin. 
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At least one generation in advance of each of the periods of 

male-producers there should, according to Hertwig’s Kernplasma- 
relation theory, be an increase in the volume of the nucleus rela- 

tive to the volume of the cytosome. The results bearing on this 
question are described in a later section of this paper. 
Age of indindual. A number of young females, each in a 

dish by herself, were divided into three lots. In one lot the fe- 

males were removed as soon as they began to lay eggs. If the eggs 

were large enough to be probably female eggs, the mothers were 

TABLE 1 

Showing the number of male-producing (72) and female-producing (2 ¢ ) indi- 

viduals of Hydatina in random lots taken from the middle of the families of a 

‘semi-pedigreed’ line for nineteen generations. In this time there were two periods 
of relatively high male-production 

DATE OF ISOLATION eee oor DATE OF ISOLATION pears) Ee 

JanuanyelGaessce. 2 24 February 15........ 0 47 

Orie ates 0 24 ike eee eae 0 48 
DO Nk 1 35 2 aS 0 13 
Dishes. 3 33 2k wee sas 0 35 
ps A pe ee 19 46 i he ee 17 21 

3 ae ag 14 46 March Ripe 13 ae 
Rebrularye 2e-ee see 0 56 Beppe: 6 29 

Bi. Stee kee 0 40 Shearer 2 36 
ene eee 2 38 1h eames 0 42 
1 AIRS 0 43 

fixed, all together in one vessel in Bouin’s fluid. The offspring 

hatching from their eggs were subsequently examined to ascertain 

that the mothers had all been female-producers. If any of them 
had turned out to be male-producers, the whole lot would have 

been discarded after fixation, but this precaution proved to be 
unnecessary. The females of the second lot were removed from 
thirty-six to forty-eight hours after egg-laying began, at which 

time they could be certainly recognized as female- or male- 
producing. Only the female-producers were fixed. The female- 

producers of the third lot were fixed just before the end of the 
egg-laying period, three or four days after they became adult. 
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All that appeared unhealthy, even if they still had eggs in the 
oviduct, were rejected. 

The three lots of female-producers, young, middle-aged, and 

old, were sectioned 5y in thickness and stained with iron hema- 
toxylin and eosin. 

Since the middle-aged females are more likely to have male- 
producing offspring than either the young or old ones, their 

Kernplasmarelation should, according to Hertwig’s theory, be 

greater than that of the latter two. The results obtained are 
described later. 

Effect of manure solution. A number of female-producers of 

approximately the same age, taken at twelve to twenty-four 

hours after egg-laying began, were divided into two lots. One 

lot was continued in spring water, the other was put into strong 

manure solution. Twelve to twenty-four hours later, both lots 

were fixed in Bouin’s fluid. They were sectioned 5y in thickness 

and stained with iron hematoxylin and eosin. 
Since manure solution almost immediately reduces the number 

of male-producers, the females treated with manure solution 

should, on Hertwig’s theory, have a smaller Kernplasmarelation 
than those reared in spring water. 

Tissues examined for Kernplasmarelation. Hertwig and Issa- 

kowitsch appear to have considered only the Kernplasmarelation 

of the germ cells as important in determining the life-cycle. 

Papanicolau, as pointed out above, employed intestinal cells, and 

Hartmann used also hypodermis and ganglia. In the rotifers 

I was encouraged to use other tissues than the odcytes for two 

reasons. First, the occurrence of males is determined a whole 

generation in advance of the actual production of male eggs, so 

that any change in the Kernplasmarelation might be detectible 

in the somatic cells of at least the male-producing parents. 

Second, since the alteration of the Kernplasmarelation is sup- 

posed to be a metabolic (essentially a nutritive) phenomenon, it 

seemed not unlikely that organs concerned with nutrition would 

show similar alterations. Two such organs are the yolk gland 
and the stomach-intestine. The egg, in passing down the ovi- 

duct, is lodged in the angle between the yolk gland and stomach- 
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intestine, and is believed to absorb or ingest the material for its 

growth from one or both of these organs. If any somatic cells 

exhibit changes in the Kernplasmarelation in relation to the life- 

cycle, it seems likely that they are the cells of the yolk gland and 

stomach-intestine. 

METHOD OF MEASUREMENT AND PRECAUTIONS IN STUDY OF 
KERNPLASMA RELATION 

The general method of determining the Kernplasmarelation 
was to make drawings of the sections of the cells, measure the areas 

of the nucleus and cytosome in these drawings, and divide the 

nuclear area by the cytosomal area. This method does not, of 
course, determine the actual volume of either nucleus or cytosome. 
It does not determine even the relative volume of nucleus and 

cytosome. If, however, in two cells of the same shape, one has a 

relatively greater nucleus than the other, the drawing of a section 

of the former will also have greater relative nuclear area than will 

the latter. That is, any increase in the actual Kernplasmarela- 

tion will be shown by an increase in the relative nuclear area in 

the drawing of a section; but the two increases will not be equal. 
Since we are nowhere interested in the absolute value of the Kern- 

plasmarelation, but only in whether there is an increase or de- 

crease; since we require only to know whether the Kernplasmare- 
lation in one lot of animals is greater or smaller than in another 

lot, but not how much greater or smaller, the method described 

seems adequate. 
Oécytes. Drawings of the odcytes were made with the aid of 

a camera lucida and were then enlarged photographically. Only 

those odcytes were used which had undergone sufficient growth to 

be easily drawn with accuracy. None that had reached full size 
and were about to produce the first maturation spindle were 

drawn, for at that time the nucleus grows rapidly, so that great 

variability in the Kernplasmarelation would have been intro- 
duced. The stage during which this nuclear growth occurs can 
be easily recognized, since the egg is nearly fixed in shape, and 

appears in the sections in the form of a regular ellipse or circle, 

whereas the younger odcytes, which are still elastic, are distorted 
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into various shapes by the surrounding cells and organs. The 

staining reaction of the full-grown odcytes also differs from the 
younger ones, the sections of the odcytes during the period of 

‘divisional growth’ of the nucelus being decidedly pink, the 
younger stages blue. 

Of the sections passing through the nucleus of a given odcyte, 

the first and last of the series were rejected. Since each nucleus 

was usually cut three or four times, only one or two drawings 

were obtained from each. Other precautions necessaryin the 
case of odcytes are discussed in a later section in relation to the 

results obtained. 

Stomach-intestine. ‘The wall of the stomach-intestine is com- 

posed of a single layer of cells, polygonal in form, flattened, and 
set edge to edge. It therefore makes a difference which way the 

sections are cut. The Kernplasmarelation shown in tangential 
sections is much smaller than in transverse sections. ‘To have used 

both kinds of sections would have introduced a great variability 
which would undoubtedly have increased the probable error of 

the mean, notwithstanding the larger total number of cells that 

could have been used in that way. Only transverse sections, 

therefore, were used. Either transverse or longitudinal sections 

of the stomach-intestine were used, since in either case the cells 

were cut transversely. Inasmuch as the diameters of the cells 

parallel, respectively, to the long axis and the transverse axes 

of the stomach-intestine are about equal, it made no difference ° 

whether the organ was cut longitudinally or crosswise. The 

eradual change, in the series of sections, from transverse to 

tangential sections of the cells could be detected partly by the 

shape of the sections, but better by the increasing indefiniteness of 

the cell boundaries, or by the position of the section in the series. 
Only those with clear boundaries were drawn. Care was taken 

to use only sections passing near the middle of the nucleus. 

The drawings of the cells of the stomach-intestine were made 

with a camera lucida, and then enlarged photographically for 

measurement. 

Yolk gland. The yolk gland is a syncytium in the form of a 

thick saucer or a baseball catcher’s mitt. Inasmuch as the organ 
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is relatively large and stains deeply, the drawings could be made 

with a micro-projection lantern. Because it is a syncytium, it 

was necessary to draw sections of the entire organ, not individual 

cells. The nuclei are not appreciably longer in one direction 

than another, so that sections in all planes are equally good. The 
only requirement of a section to be drawn was that the boundaries 

of both the organ as a whole and of its nuclei be sharp and dis- 

tinct. This requirement could be met only in case the section 

passed near the middle of the nuclei. The first two or three 
sections through a given nucleus were invariably rejected be- 

cause they were too nearly tangential, while frequently more 

than three were rejected. 
Although the yolk gland usually contains eight nuclei, and as 

many as five (rarely more) nuclei might appear in a single sec- 

tion, it was seldom that a section passing through many nuclei 

passed near the middle of all of them. The drawings were 
necessarily made, therefore, mostly from sections passing through 

one, two, or three nuclei, the smaller numbers more frequently 

than the larger. 
Measurement of the drawings. All measurements were made by 

means of a polar planimeter. Since absolute measurements 

were not desired, no tests of the absolute accuracy of the pla- 
nimeter have been made. The value of the planimeter in this 
work depends on the uniformity of its measurements. Several 

tests of the instrument were made by measuring a single figure a 

number of times, always in the hands of the same operator. 

One such test resulted as follows: 

1 time, 4.55 square inches 
3 times, 4.56 square inches 

A times, 4.57 square inches 

3 times, 4.58 square inches 

3 times, 4.59 square inches 

1 time, 4.60 square inches 

While there is some irregularity, there are no large deviations 

from the mean. A single measurement of each figure was there- 

fore regarded as adequate. 
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The personal equation. While the drawings and measurements 
were made by several persons, precautions were taken to prevent 

error from this source. The drawings to be made were listed by 

the author by means of stage readings and other suitable desig- 
nations, but in such a way that no one else could know the source 

of the animal whose cells were to be drawn. The drawings and 

measurements were therefore made by persons wholly ignorant 

of the bearing which any given cell would have on the correctness 
of Hertwig’s theory. 

Furthermore, all drawings and measurements which were to be 
compared with one another in any way whatever were made by 

the same person. Whatever idiosyncrasies this person possessed 

must have affected both sides of the comparison equally and in 
the same direction. 
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NUCLEAR VOLUME AND PERIODICITY OF MALE-PRODUCTION 

The periodicity in the production of males exhibited by the 
line of rotifers used for this study has been shown in table 1. The 

relative nuclear volumes in animals from different parts of this 

line are here recorded for the three tissues separately. 
Yolk gland. Over a thousand measurements, each involving 

one to three nuclei, are available for determining the relative 
nuclear volume of the yolk gland in the nineteen generations 

through which the line was bred. These have been averaged 

for each generation separately, with the result shown in table 2. 

The averages are plotted in the second curve of figure 1, in the 

first curve of which is given the percentage of male-producers in 

these nineteen generations. 

There is an irregular but pronounced increase in the relative 

nuclear volume through the series of generations. The differ- 

ences between the early generations and the late ones are large 

as compared with their probable errors. To determine whether 
this increase is due to absolute increase of nuclear volume or to 
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decrease of cytoplasm, or to both, the absolute sizes of all nuclei 

included in this series, totaling about 1900, were collected. This 

comparison is possible, since all drawings were made to the same 

scale. The sizes given are square inches of area in the drawings. 

To reduce the probable errors involved, the nineteen generations 

were divided into an early, middle, and late period of six, seven, 

and six generations, respectively, and the nuclear sizes averaged 

for the three groups separately. ‘The results are as follows: 

Size of nuclei of yolk gland in first six generations....... 0.443 + 0.0052 

Size of nuclei in seventh to thirteenth generations....... 0.469 + 0.0065 

Size of nuclei in last six generations..........0....00..05. 665 0.532 + 0.0054 

TABLE 2 

Relative nuclear volume of the yolk gland of Hydatina senta for each of nineteen 

generations, including two well-marked periods of male-production. 

Compare with table 1 

GENERATION RELATIVE NUCLEAR VOLUME GENERATION RELATIVE NUCLEAR VOLUME 

i 0.408 + 0.016 11 0.559 + 0.012 

2 0.454 + 0.017 12 0.621 + 0.021 

3 0.442 + 0.007 13 0.536 + 0.017 

J 0.496 + 0.006 14 0.599 + 0.011 

5 0.477 + 0.010 15 0.649 + 0.018 

6 0.517 + 0.010 16 0.562 + 0.008 

7 0.509 + 0.009 17 0.594 + 0.014 

8 0.487 + 0.015 18 0.559 + 0.010 

9 0.498 + 0.009 19 0.598 + 0.011 

10 0.483 + 0.010 

The increase in absolute nuclear volume is nearly proportional 

to the corresponding increase of relative nuclear size shown in 

table 2, indicating that the relative increase is due to enlargement 

of the nuclei, while the volume of the cytoplasm remained nearly 

stationary through the nineteen generations. 

It is difficult to see any relation between nuclear volume and 
the number of male-producers (upper curve). Although the 

curve of nuclear volume has a slight appearance of bimodality, the 

second hump begins rather too early to be held responsible for the 

second ‘wave’ of male-producers. In this connection it should be 

remembered that those external conditions known to affect the 
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Fig. 1 Curves representing the relative nuclear volume in three tissues of the 

rotifer Hydatina senta, in relation to periods of male-production. First curve, 

the percentage of male-producers in each of nineteen successive generations, 

showing two distinct periods of male-production. Second curve, the relative 

volume of nuclei in the yolk gland during the same nineteen generations. Third 

curve, relative nuclear volume in the stomach-intestine during the same nineteen 

generations. Fourth curve, relative nuclear volume in the odcytes. 
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life-cycle exert their influence almost immediately (Shull, 712), 

and one would suppose that an internal agency would operate 

with similar promptness. 

Stomach-intestine. ‘The average relative nuclear volume of the 

cells of the stomach-intestine for the nineteen generations in which 

periods of male-production were well marked is shown in table 3. 
The data are graphically shown in figure 1, third curve, together 

with the curve of male-production (first curve) for the purpose 
of comparison. The curve of nuclear volume shows a small but 

evident decline in the latter part of the period studied. If the 

nineteen generations be divided into three approximately equal 

parts, the average relative nuclear volume in the first two of these 
is practically the same; but in the third division (the last six 

generations) the relative size of the nucleus appears to be signifi- 
cantly less. ‘To determine whether this relative decrease is due 

to an absolute decrease in the size of the nucleus or to an absolute 

increase of the volume of cytoplasm, or to both, the absolute 

sizes of all intestinal nuclei of the nineteen generations have 

been collected. To reduce the probable errors, these generations 

have been divided into three periods, the first six generations, 

the seventh to thirteenth, and the last six generations, respec- 

tively. The mean absolute nuclear sizes (square inches in the 
drawings) of the nuclei in these three periods were found to be 

as follows: 

Size of intestinal nuclei, first six generations............. 0.428 + 0.0047 

Size in seventh to thirteenth generations................. 0.432 + 0.0083 

Size anglastusix Cenenaplonsiiea cme eoeicoeiiee ine tiec side hre 0.400 + 0.0059 

The first two of these periods of time were marked by intestinal 

nuclei of practically the same size, but the nuclei in the third 

period appear to be significantly smaller. ‘This decrease of abso- 
lute nuclear size is approximately what is required to explain the 

decrease of relative nuclear size shown in table 3 in the same six 

generations, indicating that the mean volume of the cells as a 

whole remained nearly constant. 

The variation in nuclear volumes in the stomach-intestine 

shows no relation to the ‘waves’ of male-producers shown in the 
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upper curve of figure 1. Even if one might attribute the second 

period of high male-production to the decrease in volume of 

nuclei in the intestine, there would be no similar decrease of 

nuclear volume coincident with the first period of high male- 
production. 

Odcytes. Drawing conclusions from the nuclear volumes of 

these cells must be done with caution for the reason that smaller 

numbers of cells are available for measurement and that the cells 

are of very different sizes correlated with stages in the growth 

period. The former condition obviously causes high probable 

TABLE 3 

The relative nuclear volume of the cells of the stomach-intestine of Hydatina senta 

for each of nineteen generations of the same line as is 

represented in table 2 

GENERATION RELATIVE NUCLEAR VOLUME GENERATION RELATIVE NUCLEAR VOLUME 

1 0.093 + 0.009 11 0.083 + 0.003 

2 0.099 + 0.005 12 0.099 + 0.010 

3 0.083 + 0.004 13 0.076 + 0.006 

4 0.091 + 0.002 14 0.070 + 0.002 

5 0.102 + 0.003 15 0.086 + 0.004 

6 0.086 + 0.003 16 0.085 + 0.005 

7 0.091 + 0.004 17 0.083 + 0.007 

8 0.083 + 0.001 18 0.055 + 0.003 

9 0.104 + 0.006 19 0.071 + 0.003 

10 0.079 + 0.009 

errors of mean nuclear size, and, as pointed out below, the second 

condition has a like effect. Disregarding the differences in size 

and grouping all cells together, one obtains the relative nuclear 

sizes shown in table 4. The graph of these sizes is given in figure 

1, bottom curve. 

One might be tempted to see in the lower curve of this figure 

three modes which correspond to the periods of high male-pro- 

duction in generations 5 and 6 and 15 and 16, and to the much 

less marked but isolated male-production in the ninth generation. 
The rise of relative nuclear volume in.the eighth and two suc- 

ceeding generations seems out of all proportion to the percentage 

of male-producers occurring at that time, but were there no other 
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means of weighing the evidence, the two phenomena might doubt- 

fully be referred one to the other. 

Since odcytes of all stages of growth are included in table 4, 

it is important, to know whether relative nuclear volume varies 
with the size of the cell. To determine this point, all drawings of 

odcytes were sorted into groups, all cells of one group being of 

approximately the same size. The relative nuclear volumes were 

then averaged for each size group separately, with the results 

shown in table 5. 
There is a distinct decrease of relative nuclear volume during 

the growth of the cell. The growth of the nucleus does not keep 

TABLE 4 

The relative nuclear volume of the odcytes of Hydatina senta for each of nineteen 

generations of the same line as is represented in tables 2 and 3 

GENERATION RELATIVE NUCLEAR VOLUME GENERATION RELATIVE NUCLEAR VOLUME 

1 0.056 + 0.006 ia 0.054 + 0.006 

2 0.061 + 0.005 12 0.055 + 0.004 

3 0.059 + 0.005 13 0.0594 ? 

4 0.074 + 0.008 14 0.065 + 0.006 

5 0.066 + 0.008 15 0.051 + 0.003 

6 0.049 + 0.003 16 0.073 + 0.005 

7 0.056 + 0.003 17 0.051 + 0.004 

8 0.071 + 0.006 18 0.066 + 0.006 

9 0.066 + 0.008 19 0.056 + 0.008 

10 0.062 + 0.005 

pace with that of the cytoplasm. It is obvious that, if any 

generations, or groups of generations, in the parthenogenetic line 

which formed the basis of this study had furnished for measure- 

ment an undue percentage of odcytes of any given stage of de- 

velopment, the relative nuclear volume determined from the 

measurements might have departed considerably from the true 

mean. There was no reason why the data should have happened 

to be ‘loaded’ in this manner, but to make sure that there was no 

such source of error the measurements were collected into groups, 

with respect to both cell size and the generation from which the 

cells came. The results need not be given in detail; it seemed 
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very plain that there was no one-sided grouping of the data, the 

cells of a given size being spread rather evenly over the genera- 

tions, and the cells of one generation being distributed fairly 
uniformly with respect to their size. Hence, although the inclu- 

sion of cells of various sizes greatly increased the probable error 

of the mean, it could not have altered the mean itself very much. 

A further test of the significance of the relative nuclear size 

with relation to the life-cycle was obtained in the following man- 

ner. It is well known (Shull, ’12) that whether a rotifer is to be 

TABLE 5 

Variation in the relative nuclear volume of oécytes of Hydatina senta, with reference 

to size (stage of growth) of the cells 

SIZE OF CELL (SQUARE RELATIVE NUCLEAR SIZE OF CELL (SQUARE RELATIVE NUCLEAR 
INCHES IN DRAWING) VOLUME INCHES IN DRAWING) VOLUME 

0.0-0.5 0.124 6.0— 6.5 0.047 

0.5-1.0 0.105 6.5- 7.0 0.033 

IOS 5 0.083 OS ae 0.039 

1.5-2.0 0.069 (aa= tal) 0.031 

2.0-2.5 0.073 8.0— 8.5 0.033 

2.5-3.0 0.061 8.5- 9.0 0.035 

3.0-3.5 0.053 9.0— 9:5 0.029 

3.5-4.0 0.045 9 .5-10.0 0.033 

4.0-4.5 0.044 10.0-10.5 0.027 

4.5-5.0 0.048 ORS eo 0.029 

5.0-5.5 0.038 POSES 0.028 

5.5-6.0 0.039 12°0-12-5 0.039 

13 .0-13.5 0.023 

a male-producer or a female-producer is decided in the preceding 

generation, that is, while the egg from which the rotifer develops 

is still in the body of the mother. If, therefore, relative nuclear 

volume determines the proportion of male-producers, that volume 

in generations preceding many male-producers should be dif- 

ferent from the corresponding relative volume in generations 

preceding no male-producers. In table 1 it is shown that there 

were in the line studied nine generations preceding generations 

that included male-producers. The measurements of odcytes 

from these two groups of generations have been collected sepa- 
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rately and averaged. ‘The comparison of the two groups, with 
respect to nuclear size, is briefly stated as follows: 

Relative nuclear volume of odcytes in generations pre- 

CEGinamMale=prOgUCERS serene roe eee ieee ene 0.0606 + 0.0018 

Relative nuclear volume of odcytes in generations pre- 
ceging mormale=producersa-uses tac adaeeeee oer 0.0580 + 0.0020 

IDjfierenGe:. OL AME AMY SIZE AREY ct. ohio ona har hake eae 0.0026 + 0.0026 

The difference is equaled by its probable error, which is usually 

interpreted to mean that the difference is insignificant. A large 

probable error does not, however, prove a result insignificant; it 

merely does not prove it significant. To avoid any possible 
error in the conclusion due to a probable error that is large be- 

cause cells of very different sizes are included, a somewhat similar 

comparison has been made involving only cells of approximately 

the same size, namely, those whose drawings were from 2 to 3 

square inches in area. To increase the number of cells in each 
group, the generations were not in this case studied separately. 

Instead, there were distinguished two periods of many male-pro- 

ducers and three periods of few or no male-producers (table 1). 

The small percentage of male-producers in generation 9 was 

ignored. The odcytes (of the size mentioned above) from these 

periods were combined into two groups which were averaged 

separately. The following comparison was obtained: 

Relative nuclear volume of oécytes in periods of many 
Ma le=PTOMUGETS a. ssc talee Ael-Cute.cte seach ee eres 0.0584 + 0.0024 

Relative nuclear volume of odcytes in periods of few 
Tale=PTrOGUCETSe. cena cea ae what eee ee lo sierecsiaee 0.0599 + 0.0020 

Diiletencevohnean, SEs ys..345h\s p< Peewee. sd dye hoes 0.0015 + 0.0031 

Here the difference is less than its probable error. It is worthy 

of note, furthermore, that while in the earlier comparison the 

mean relative nuclear size was a trifle greater in periods of male- 

production than in periods of no male-producers, in the second 

comparison the relative nuclear volume is less in periods of many 

male-producers. The conclusion to be drawn, therefore, is Just 

what would have been drawn from a simple comparison of dif- 

ferences of mean and probable error in any of the tests applied, 

namely, that there is no relation between relative nuclear volume 

of the odcytes and the number of male-producers. 
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NUCLEAR VOLUME AND AGE OF INDIVIDUAL 

From the rotifers fixed in early life, at middle age, and just 

before the end of the reproductive period, as described in the 

introduction, were obtained the measurements described in this 

section. The cells from the three tissues are described separately. 

Yolk gland. ‘Three lots of rotifers were fixed for the study of 
cells in relation to age, each lot being divided into three groups 

of different ages. The relative nuclear volumes of all cells in 

each group have been averaged, and the means given in table 6. 

In every experiment the nuclear volume is greater the older the 

animal. The combined results shown in the last line of the table 

show differences that are many times their probable error, and 

TABLE 6 

Relative nuclear volume in the yolk gland of Hydatina senta in young, middle-aged, 

and old specimens. The data are derived from three similar experiments: 

RELATIVE NUCLEAR VOLUME 

EXPERIMENT 

In young individuals Pee In old individuals 

1 0.5330 .010 0.682+0.017 1.140+0.047 

2 0.5640 .016 0.586+0.019 0.677+0.021 

3 0.517+0.010 0.607 +0 .025 0.661+0.023 

All combined....... 0.538+0 .0088 0.644+0.0198 0.805+0 .0227 

there seems no question that they are significant. The relative 

nuclear volume in the yolk gland increases with the age of the 
individual. 

The manner in which this increase of relative nuclear volume 

is brought about, whether by increase of the absolute nuclear 

volume or decrease of the volume of the cytoplasm, or both, is 

of importance. All drawings of the yolk gland were made on 

the same scale, so that absolute sizes can be determined (table 7). 

The mean nuclear sizes, expressed in square inches on the draw- 

ings, for the three age-groups are very much larger at middle age 

than in early adult life, but decrease later without, however, being 

reduced to the size of nuclei in young adults. The smallest dif- 

ference shown in this comparison, that between middle-aged and 
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old females, is four times its probable error, and appears certainly 

significant. 

Changes in the size of the cytosome in the yolk gland are also 
shown by the measurements made. Since the yolk gland is a 

syncytium, the cytosome of single ‘cells’ can be measured only 
when the section passes through but one nucleus. Safe compari- 

sons can be made so long as sections of approximately the same 

size are used. Probably the most satisfactory criterion of size, 
for this purpose, is the number of nuclei cut in the section, since 

the nuclear content of the section would be much less variable 
with this criterion than with the criterion of equal absolute area 

of the figure. Sections containing two nuclei are, on the whole, 

TABLE 7 

Mean absolute sizes of nuclet in yolk gland of Hydatina senta females of different 

ages, expressed in square inches on drawings. Also size of cytosomal portion of 
gland, as shown by sections containing two nuclei 

SIZE OF NUCLEUS oO OF NUCLEUS SIZE OF CYTOSOME 0 OF CYTOSOME 

Young adult 

females....... 0.3580 .0087 | 0.146+0.0062 | 1.43+0.042 0.272+0.030 
Middle - aged 

females....... 0.569+0.0163 | 0.234+0.0115 | 1.770.053 0.1610 .037 

Old females..... 0.486+0.0127 | 0.211+0.0089 | 1.27+0.046 0.429+0.033 

more numerous in my material than any other size, and these 

alone are used in the comparison. The areas of the cytosomal 

part of these sections are added to table 7, in the last two columns. 

The figures show that the cytoplasm is more abundant at middle 

age than earlier, but is later reduced to an amount less than that 

in the young adults. 

From the data given in table 7, therefore, it must be concluded 

that the rather steady increase of the relative nuclear volume of 

the yolk gland during the lifetime of an individual is accomplished 

in the following manner. ‘The increase from early adult life to 

middle age is the result of absolute increases in both nuclear and 

cytosomal volume, the percentage of nuclear increase being much 

the greater. The increase of relative nuclear volume from middle 



NUCLEAR VOLUME AND LIFE-CYCLE OF HYDATINA 311 

age to old age is due to decreases in both nuclear and cytosomal 

volume, the percentage of cytosomal decrease being much the 

greater. 

The variability of nuclear and cytosomal volumes, as indicated 

by the standard deviation (c), is perhaps worth noting. The 

nuclear volumes are much more uniform in the early adults than 

later, while the cytosomal volumes are more constant in middle 

life. The probable errors pertaining to the values of the standard 

deviation appear to show that this conclusion is well founded. 

Stomach-intestine. The relative volumes of the nuclei of the 

cells in this organ are summarized as follows: 

Relative nuclear volume in stomach-intestine of young 

AGWitphemn al este eee rate cen hana chances Sues 2 0.071 + 0.003 

impmiddle=aeedatemalesteeemectnn a ete n leas a eee 0.072 + 0.002 

neol ak fentallestessest aah eee eta. Sclerrls Cl attr, S's eee 0.077 + 0.004 

Although there is a slight progressive increase in the relative 

nuclear volume through life, the size of the probable errors indi- 

cates that no significance of the differences is proved. However, 

the comparative uniformity of the relative nuclear volume seems 
not to be due to stationary size of both nucleus and cytosome 

during the lifetime. For, when the absolute nuclear sizes are 

averaged, the following results are obtained: 

Size of intestinal nuclei in young adults................. 0.325 + 0.0088 

Size of intestinal nuclei in middle-aged females......... 0.357 + 0.0086 

Size of intestinal nuclei in old females.................. 0.384 + 0.0130 

While one would hesitate to ascribe significance to the difference 

between young and middle-aged, or between middle-aged and 

old females, the difference between young and old fulfills the 

usual statistical requirement for significance, indicating that the 

smaller differences between middle-aged individuals on the one 

hand and young and old females on the other are also significant. 

There is an increase, therefore, in the size of the cytosome from 

early adult life to old age, to maintain the comparative constancy 

of the relative nuclear volume shown above. 

Odcytes. The mean relative sizes of the nuclei in the odcytes 

of females of different ages were found to be as follows: 
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Relative volume of nuclei in odcytes of young adult 

fel aT) epee ea aera ee ba) aOR MIRE LS Came. y oe! 0.065 + 0.0072 

inemarddle-acedetemalesm aacree camer dicee tic tetera 0.051 + 0.0033 

Mnrolaktemalestes: cere onc a eeiiehsita Sati yee ee eee 0.057 + 0.0042 

These means and high probable errors seem to indicate that there 

is no relation between age and relative nuclear volume in the 

odcytes. The largest difference of means, that between young 

and middle-aged females, is less than twice as great as its probable 

error. 
It is not possible to determine whether the absolute sizes of the 

cells are different at different ages, for the reason that these cells 

change so much in size during their growth stages. I incline to 

TABLE 8 

Relative nuclear volumes of the yolk gland, stomach-intestine and oécytes of Hydatina 

senta reared in spring water and in manure solutions 

RELATIVE NUCLEAR YOLUME 

TISSUE 

Spring water Manure solution 

eo likwer] Bind een anes ote ewr ee? tee Soe cites cree 0.718+0.0105 0.709+0.0119 

Stomach=mbeshine es sve ace erie wee 0.0690 .0029 0.079+0 .0028 

Odcytesreeiee see ae tees 0.0700 .0048 0 .066-L0 .0039 

the opinion that all of the irregularity of the results shown above 
are due to this growth, rather than to any fundamental changes 

which the statistics are incapable of revealing. 

EFFECT OF MANURE SOLUTION 

The relative nuclear volumes of cells in animals of the same age, 
some of them reared in spring water, others in manure soution, 

as described in the introduction, are given in table 8. The results 

from all three of the tissues studied are combined in one table. 
The differences in the yolk gland and odcytes are negligible. 

The values for the relative nuclear volume in the stomach-intestine 

are, however, such that, by the usual statistical standards, they 
must probably be regarded as significant. ‘To determine the 
route by which the relative increase of the nuclei in manure solu- 
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tion was attained, the absolute measurements of the nuclei in 

both halves of the experiment have been collected and averaged, 
with the following result: 

Mean area of intestinal nuclei in spring water..........0.379 + 0.0087 

Mean area of intestinal nuclei in manure solution........ 0.391 + 0.0088 

The nuclei are of practically the same size in both media, hence 

the increase in relative nuclear volume in manure solution is 

almost solely due to a decrease in the size of the cytoplasm. 

COMPARISON OF MALE-PRODUCERS AND FEMALE-PRODUCERS 

Female-producing and male-producing individuals from the 

same families, reared under the same conditions, are compared, 
with respect to relative nuclear volume, in table 9. Nothing in 

the measurements indicates that the nuclei of one of these types 

of female are significantly larger than those of the other type in 

any of the tissues studied. The differences disclosed are not large 

enough, relative to their probable errors, to prove a difference 

between male- and female-producers. 

DISCUSSION 

The major result of the experiments described in this paper is 

that no change of relative nuclear volume in oécytes, yolk gland 

or stomach-intestine appears to have any relation to the type of 

reproduction that occurs. This conclusion, while opposed to 

certain phases of a widely held theory, is hardly a contradiction 

of previously observed facts in any animal with alternating par- 

thenogenesis and sexual reproduction. It must’ be remembered 

that the relation of changes in nuclear volume to cyclical phe- 

nomena, was first observed in Protozoa, and the idea was extended 

to parthenogenetic animals at first on purely theoretical grounds. 

Facts in support of that extension were later sought, but came 

haltingly. Papanicolau’s observations, described in the early 

pages of this paper, were based on a very small number of indi- 

viduals, showed differences that were mostly very slight, and were 

in part contradictory to the theory. Hartmann’s work was more 

successful. Larger numbers of individuals were studied, and he 
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was able to demonstrate changes of relative nuclear volume 

related to the seasons and certain environmental factors (tem- 

perature, chemical substances). One misses in his paper, how- 
ever, the accurate relation of these changes to the life-cycle. It 

TABLE 9 

Relative size of nuclet in three tissues of male-producing and female-producing 

rotifers of the same origin, reared under the same conditions 

TISSUE ee MALE-PRODUCERS FEMALE-PRODUCERS 

1 0.571+40.015 0.477+0.010 

2 0..635+0.019 0.649+0.018 

3 0.651+0.073 0.562+0.008 

Votelad 4 0.5580 .040 0.524+0.014 

See ae yee en ee 5 0.643+40.012 0.682+0.017 
6 0.645+0.012 0.684+0.031 

Al 0.635+0.0143 0.576+0.0152 

1 0.101+0.005 0.102+0.003 

2, 0.084+0.002 0.09640 .004 

3 0.0850 .006 0.085+0.005 

R : : 4 0.0630 .003 0.0830 .007 
Stomach-intestine............. 5 0.081 -£0 002 0.074-£0.003 

6 0.079+0.003 0.080+0.005 

All 0.08440 .0034 0.092+0.0042 

1 0.079+0.001 0.0660 .008 

2 0.062+0.003 0.051+0.003 

3 0.0560 .002 0.073+0.005 

Gasca 4 0.0650 .007 0.051+0.004 
VibGSiehy eee Kart ca ee ona ctor 5 0.06440 002 0 .059-£0 006 

6 0.059+0.005 0.083+0.008 

All 0.064-£0 .0033 0.0600 .0040 

is not clear what changes in the mode of reproduction accom- 

panied the nuclear changes. One is left to infer, on the basis of 

work by earlier authors, that changes in temperature and of the 
chemistry of the water bring on the changes of reproduction. 

The weakness of such argument is mainly that the nuclear changes 

might be incidental, might be other effects of the same cause, and 
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might therefore be prevented or modified by unknown agents 
which would not similarly prevent or modify the changes of 

reproduction. 

The observations on Hydatina are subject to the same dangers. 

But owing to the many unrelated ways in which the theory can 
be tested in this organism, it should be possible to separate 
fundamental from incidental events. Thus, if the investigation 

had involved only the yolk gland, and only the changes in the 

yolk gland during successive generations, it might have been sup- 

posed that the increase of the nucleoplasma ratio in the yolk 
gland is the cause of the gradual reduction in the amount of 
sexual reproduction which has been observed to take place during 
long-continued parthenogenesis. However, the relative nuclear 

changes of the yolk gland do not coincide with the other changes 

in the type of reproduction; for example, not with the changes 

occurring during the lifetime of the individual, nor with the 
changes due to different media in which the animals are reared. 

It must be regarded as accidental, therefore, that the nuclei of 

the yolk gland increase in volume simultaneously with the diminu- 
tion of sexual reproduction during a series of generations. 

Notwithstanding the positive nature of the conclusions of 

Hartmann, these conclusions appear to have been reached partly 

by inference. The work of Papanicolau was based on too small 

numbers to be conclusive, and he recognized that it was only sug- 

gestive. Now that Hydatina is shown to offer no support to the 

theory that changes of nuclear size determine the changes of 

reproduction, continued application of the theory to partheno- 

genetic animals must for the present rest mainly on what are be- 

lieved to be analogous phenomena in the Protozoa. <A note of 

caution should be sounded with reference to this supposed anal- 

ogy. Periods of depression in Protozoa, in which nuclear en- 

largement occurs, are also commonly succeeded or terminated by 

periods of conjugation. Perhaps it may be assumed that the 

Cladocera will show similar phenomena, for periods of depression 
toward the end of a series of parthenogenetic generations have 

been shown by Papanicolau (’10 a) to be also periods of sexual 

reproduction. In Hydatina, however, sexual reproduction does 
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not occur chiefly in periods of depression. Sexual females occur 

most abundantly in times of rapid growth, rapid development, 

and large families. What phenomena stand in the relation of 

cause and effect at these times is uncertain, but the heightened 
speed of metabolism is usually recognizable before the abundance 

of sexual females exists. Furthermore, those lines which under a 

given set of conditions are producing the largest proportions of 

sexual females are, under like external conditions, the most 
vigorous lines. This has been the experience, I believe, of all 

who have worked extensively with Hydatina. | 

If depression is not, in parthenogenetic animals, universally 

associated with the initiation of sexual reproduction, great risk 

attaches to the assignment of causal significance to other phe- 

nomena (nuclear enlargement, for example) which accompany 

depression. The question whether the nuclear changes are 
merely accompaniments of, or accidentally associated with, re- 

productive changes, or possibly effects of the agents that also 

cause changes in reproduction, is comparable to the question 
already often raised concerning the validity of the Kernplasma- 
relation theory in other fields. Although Minot (’08) plainly 

regards a decrease of the nucleoplasma ratio as the cause, or at 

least a cause, of senescence, and though Hertwig (’08) expressly 

states that changes of K/P cause or postpone cell division, other 

authors are either non-commital or regard the nucleoplasma ratio 

as incidental or even as an effect of the phenomena which it is 
supposed to govern. Child (715), for example, considers the rela- 

tive size of the nucleus incidental as regards senescence, and 
Conklin (’12, ’13) concludes that so far as the relation of nuclear 

size to cell division is concerned, nuclear size is an effect instead of 

a cause. The implication of Issakowitsch (’07), therefore, that 

the supposed relation of nuclear changes to the mode of reproduc- 

tion in parthenogenetic animals might be merely incidental, and 

the expressly stated views of Strohl (08) and Woltereck (11) 

that volumetric changes of the nucleus can have nothing to do 

with the alternation of parthenogenesis and sexual reproduction, 

find a counterpart in the ideas of workers in other fields. In 

view of the results with Hydatina described above, it may be 
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necessary eventually to conclude that the relation between the 
nucleoplasma ratio and the alternation of parthenogenesis and 

sexual reproduction is not merely incidental, but that it does not 

exist. 

It is not my purpose to discuss the possible physiological modus 

operandi of changes of relative size of nucleus and cytosome. 
That has been done repeatedly, in general terms, by others. 
Some of the discussions of the general significance of this size 

relation have already gone so far that it may now be desirable to 

wait for the observed facts to overtake them. Certain of the 

minor conclusions with regard to Hydatina may, however, prof- 

itably be mentioned in their physiological relations. 

It is found that the nucleoplasma ratio of the yolk gland 

increases during a series of generations. Had only the values of 
K/P been obtained or studied, this might have been held to indi- 

cate a reduction in the amount of cytoplasmic material produced 

or at least of the contained yolk, while the nucleus remained 
stationary in size or at least lagged behind the cytoplasm in a 
decrease. However, the fact that the increase of K/P in the 

yolk gland is entirely due to increase of the nucleus while the 

volume of the cytosomal portion remains nearly stationary, 

shows that an active nuclear change is involved. 
This increase of relative nuclear volume in the yolk gland 

during a series of generations confirms the statements made for 

Cladocera on which has been based the conclusion that the 

increase is caused by long-continued parthenogenesis. ‘The 

stomach-intestine, however, changes only slightly and in the 

opposite direction. No change at all has been demonstrated in 

the odcytes. It appears to be too early to generalize about the 
effects of parthenogenesis on nuclear volume. 

There is also an increase in the value of K/P in the yolk gland 

during the life of the individual. In this case, again, if only the 

values of the ratio were known, it might be held that the increase 
is due to a consumption of the cytoplasmic material or of the 

contained yolk. It will be remembered that Lenssen (’98) was 

of the opinion that the growing odcytes of Hydatina actually 
ingest fragments of the yolk gland. The absolute measure- 
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ments of nucleus and cytosome show, however, that both nucleus 

and cytosome increase up to middle age, the nucleus enlarging 

somewhat the faster, while both of them decrease in size in later 

life, the decrease of the nucleus lagging behind that of the cyto- 

some. These facts suggest that in early adult life there may be 

an active production of yolk material in which the nucleus 
takes a leading réle, but that in later life the nutritive processes 

of the animal cannot keep up with the demands of the growing 
odcytes for yolk so that there is an actual diminution of the size 
of the yolk gland. The adjustment of the nucleus to the reduced 
volume of the cytosome—a phenomenon observed in other cases 

of reduction of cell size—would, whatever its cause, naturally 
follow rather than precede the excess consumption of yolk 

material. Such an explanation would not lead one to expect a 
similar increase of the relative nuclear volume in other tissues, 

and, as a matter of fact, there is little or no change of this relative 
volume in either the stomach-intestine or oécytes. 

Further need of caution against generalizing concerning the 

nucleoplasma ratio in different tissues is shown by the fact that 

manure solution causes an increase of K/P in the stomach- 

intestine, but no change in the yolk glands nor, so far as can be 

ascertained, in the odcytes. The nature of the effect. of the 

medium on the cells of the stomach-intestine is problematical. 

Not the least valuable result obtained is the demonstration 
that the nuclei of parthenogenetic and sexual females are of equal 

relative size. It has lately been shown (Shull ’21) that the 

number of chromosomes is the same in both types of female, and 

now it seems likely that these females are also equal in their 

chromatin content. It had been suggested that a difference in 

the quantity of chromatin might exist without involving a dif- 

ference in chromosome number. 

SUMMARY 

1 None of the changes in the relative nuclear volume in the 

stomach-intestine, yolk gland, or odcytes of Hydatina appear to 

have any relation to the mode of reproduction, whether partheno- 

genetic or sexual. Individual phenomena, if observed alone, 
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might lead one to assign to them a significance in relation to the 

life-cycle, but in each case tests of the same phenomena in other 
ways have negatived such an assumption. 

2. The relative volume of nuclei in the yolk gland increased 

steadily through a series of nineteen generations. This increase 
was due almost solely to an absolute increase of the nucleus, 

while the volume of the cytosome remained nearly stationary. 

The significance of this nuclear enlargement is discussed. 

3. The relative nuclear volume of cells in the stomach-intestine 

remained on the whole nearly constant through the first ten or 

twelve generations of the line on which this study was based, and 

then decreased somewhat to the end of the series (nineteen genera- 

tions). This decrease was apparently due to absolute decrease 

of the size of the nuclei, not to a change of the cytosome. 

4, The relative volume of the nuclei of the odcytes appeared 

not to change during nineteen generations. Determination of 

‘long range’ changes in the nuclei of the odcytes is made difficult, 

however, by a marked change in the relative nuclear volume 

during the growth of each cell. The ratio of nuclear volume to 
cytosomal volume is about five times as great in a moderately 

early stage of growth as it is when growth is nearly completed. 

5. The ratio of nuclear volume to cytosomal volume in the 

yolk gland increases considerably during the lifetime of the 

individual. This increase is brought about by an increase of the 

absolute size of both nuclei and cytosome during early adult life, 

and a decrease of the absolute size of both nuclei and cytosome in 

later life. The absolute increase referred to is relatively more 

rapid in the nuclei than in the cytosome, while in later life the 

decrease is less rapid in the nuclei than in the cytosome. The 

net result is a steady increase of the relative nuclear volume 

throughout life. 

6. The absolute size of both nuclei and cytosome in the stom- 

ach-intestine increases with age, the nuclear increase being 

perhaps slightly the more rapid. Hence the relative nuclear 

volume is nearly stationary throughout life, or perhaps increases 

slightly with increased age. 
7. The relative nuclear volume of the odcytes probably does 

not change with the age of the female. 
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8. Rearing the rotifers in manure solution increases the relative 

nuclear volume in the stomach-intestine, but does not change 
that of the yolk gland or odcytes. The increase in the stomach- 

intestine is brought about by a decrease of the ceytosome while the 
nuclei remain practically unaltered in size. 

9. Relative nuclear volume in the yolk gland, stomach- 

intestine, and odcytes is probably the same in male-producers as 

in female-producers. 

BIBLIOGRAPHY 

Berezowskl, A. 1910 Studien iiber die Zellgrésse. Erste Mitteilung. Uber 

das Verhiiltnis zwischen der Zellgrésse und der Gesamtgrésse des 

wachsenden Organismus. Arch. f. Zellforsch., Bd. 5, S. 375-384. 

Bovert, Tx. 1903 Uber mehrpolige Mitosen als Mittel zur Analyse des Zell- 

kerns. Verh. d. phys.—med. Gesell. Wiirzburg, Bd. 35, S. 67-90. 

1905 Zellstudien V. Uber die Abhingigkeit der Kerngrésse und Zel- 

lenzahl der Seeigel-Larven von der Chromosomenzahl der Ausgangs- 

zellen. Jena. Zeit. f. Naturwiss., Bd. 39, 8. 445-524, pls. 19, 20. 

Cuitp, C. M. 1915 Senescence and rejuvenescence. Chicago, University of 
Chicago Press, pp. xi, 481. 

ConkLINn, E.G. 1912 Cell size and nuclear size. Jour. Exp. Zodl., vol. 12, pp. 
1-98. 

1913 The size of organisms and of their constituent parts in relation 

to longevity, senescence and rejuvenescence. Pop. Sci. Month., vol. 

83, pp. 178-198. 

ErpMANN, Ru. 1908 Experimentelle Untersuchung der Massenvethiltnisse 

von Plasma, Kern und Chromosomen in dem sich entwickelnden See- 

ige'ie. Arch. f. Zellforsch., Bd. 2, S. 76-136. 

EycuesHyMErR, A.C. 1904 The cytoplasmic and nuclear changes in the striated 
muscle cell of Necturus. Am. Jour. Anat., vol. 3, pp. 285-310. 

Gerassimow, J. J. 1902 Die Abhingigkeit der Grésse der Zelle von der Menge 

ihrer Kernmasse. Zeit. f. allg. Physiol., Bd. 1, S. 220-258. 

1905 Uber die Grésse des Zellkerns. Beih. z. Bot. Centralb., Bd. 18, 

S. 45-118. 

Gop.LewskI, E. 1908 Plasma und Kernsubstanz in der normalen und der durch 

jiussere Faktoren veriinderten Entwicklung der Echiniden. Arch. f. 

Entwick., Bd. 26, S. 278-328. 

1910 Plasma und Kernsubstanz im Epithelgewebe bei der Regenera- 

tion der Amphibien. Arch. f. Entwick., Bd. 30, Theil 2, S. 81-100. 

Hartmann, O. 1919a Uber das Verhalten der Zell-, Kern- und Nucleolen- 

groésse und ihrer gegenseitigen Beziehungen bei Cladoceren wihrend 

des Wachstums, des Generationscyclus und unter dem Einfluss éiusserer 

Faktoren. Arch. f. Zellforsch., Bd. 15, 8. 1-94. Taf. 1-3. ' 

1919 b Uber die experimentelle Beeinflussung der Grosse pflanzlicher 

Chromatophoren durch die Temperatur. Arch. f. Zellforsch., Bd. 15, 

S. 160-248, Taf. 7-12. 



NUCLEAR VOLUME AND LIFE-CYCLE OF HYDATINA o21 

Heener, R. W. 1919 Quantitative relations between chromatin and cyto- 
plasm in the genus Arcella, with their relations to external characters. 
Proc. Nat. Acad. Sci., vol. 5, pp. 19-22. 

1920 The relations between nuclear number, chromatin mass, cyto- 
plasmic mass, and shell characteristics in four species of the genus 
Arcella. Jour. Exp. Zoél., vol. 30, pp. 1-95. 

Heruant, M. 1917 Sur les variations du volume du noyau de l’oeuf activé. 

Comp. Rend. Acad. Sci. Paris, T. 164, pp. 412-415. 

Hertwic, R. 1903 Uber Korrelation von Zell- und Kerngrésse und ihre 

Bedeutung fur die geschlechtliche Differenzierung und die Teilung der 
Zelle. Biol. Centralb., Bd. 23, S. 49-62, 108-119. 

1905 Uber das Problem der sexuellen Differenzierung. Verh. d. 

deutsch. zool. Gesell., Bd. 15, 8. 186-214. 

1908 Uber neue Probleme der Zellenlehre. Arch. f. Zellforsch., Bd. 

1, S. 1-82. 
IssaxkowltTscH, A. 1907 Geschlechtsbestimmende Ursachen bei den Daphniden. 

Arch. f. mikr. Anat. u. Entwick., Bd. 69, S. 223-244. 

1908 Es besteht eine zyklische Fortpflanzung bei den Cladoceren, 

aber nicht im Sinne Weismann’s. Biol. Cent., Bd. 28, 8. 51-61. 

Korner, O. 1912 Uber die Abhingigkeit der Kernplasmarelation von der Tem- 

peratur und vom. Reifezustand der Hier. Experimentelle Unter- 

suchungen an Strongylocentrotus lividus. Arch. f. Zellforsch., Bd. 8, 

S. 272-351. 
Lenssen, Dr. 1898 Contribution a l’étude du développement et de la matura- 

tion des oeufs chez l’Hydatina senta. La Cellule, T. 14, pp. 421-451, 

pe £2. 

Martini, E. 1912 Studien iiber die Konstanz histologischer Elemente. III. 

Hydatina senta. Zeit. f. wiss. Zool., Bd. 102, S. 425-645, Taf. 20-29. 

Masina, E. 1911 Uber eine Beziehung zwischen Kernstoffgehalt und Entwicke- 
lung. Zeit. f. physiol. Chemie, Bd. 75, 8. 135-140. 

Mercatr, H. E. 1915 Cell changes in the epidermis during the early stages of 

regeneration in the tail of the frog tadpole, with special reference to the 

nucleus-plasma relation. Trans. Amer. Micr. Soc., vol. 34, pp. 167-184. 

Minot, C.S. 1908 The problem of age, growth, and death. New York, G. P. 
Putnam’s Sons, pp. x, 280. 

Moreutis, 8S. 1911 Studies of inanition in its bearing upon the problem of 
growth. J. Arch. f. Entwick., Bd. 32, 8. 169-268, Taf. 8-10. 

OpHNINGER, Marra. Uber Kerngrissen bei Bienen. Verh. phys.-med. Gesell. 

zu Wirzburg, Bd. 42, S. 135-140, Taf. 7-10. 

Papanicotau, G. 1910a Uber die Bedingungen der sexuellen Differenzierung 
bei Daphniden. Biol. Cent., Bd. 30, 8S. 480-440. 
1910 b Experimentelle Untersuchungen iiber die Fortpflanzungs- 

verhiltnisse der Daphniden (Simocephalus vetulus und Moina rec- 

tirostris var. Lilljeborgii). Biol. Cent., Bd. 30, S. 689-692, 737-750, 

753-774, 785-802. 
Pororr, M. 1907 Depression der Protozoenzelle und der Geschlechtszellen der 

Metazoen. Arch. f. Protist., Supplement 1, S. 48-82, Taf. 4. 



ane A. FRANKLIN SHULL 

Pororr, M. 1908 Experimentelle Zellstudien. Arch. f. Zellforsch., Bd. 1, 

S. 245-379. 

1909 a Experimentelle Zellstudien. II. Uber die Zellgrésse, ihre 

Fixierung und Vererbung. Arch. f. Zellforsch., Bd. 3, S. 124-180. 

1909 b Experimentelle Zellstudien. III. Uber einige Ursachen der 

physiologischen Depression der Zelle. Arch. f. Zellforsch., Bd. 4, 8. 

1-43, Taf. 1-2. 
PranptLt, H. 1907 Die physiologische Degeneration der Amoeba proteus. 

Arch. f. Protist., Bd. 8, S. 281-298. 

Rautmann, H. 1909 Der Einfluss der Temperatur auf das Gréssenverhaltnis 
des Protoplasmakérpers zum Kern. Experimentelle Untersuchungen 

an Paramecium caudatum. Arch. f. Zellforsch., Bd. 3, S. 44-80. 

SuHutu, A. F. 1910 Studies in the life cycle of Hydatina senta. I. Artificial 
control of the transition from the parthenogenetic to the sexual method 

of reproduction. Jour. Exp. Zodl., vol. 8, pp. 311-854. 

1912 Studies in the life cycle of Hydatina senta. III. Internal fac- 

tors influencing the proportion of male-producers. Jour. Exp. Zodl., 
vol. 12, pp. 283-317. : 

1915 Periodicity in the production of males in Hydatina senta. Biol. 

Bull., vol. 28, pp. 187-197. 
1918 Cell inconstancy in Hydatina senta. Jour. Morph., vol. 30, 

pp. 455-464. 

1921 Chromosomes and the life cycle of Hydatina senta. Biol. Bull., 

v. 41, no. 1. 

Strout, H. 1908 Polyphemusbiologie, Cladocereneier und Kernplasmarela- 
tion. Int. Rev. d. gesamt. Hydrobiol. u. Hydrogr., Bd. 1, S. 821-832. 

SuTHEeRLAND, G. F. 1915 Nuclear changes in the regenerating spinal cord of 

the tadpole of Rana clamitans. Biol. Bull., vol. 28, pp. 119-139. 

Wourtrereck, R. 1911 Uber Verinderung der Sexualitat bei Daphniden. Int. 

Rev. d. gesamt. Hydrobiol. u. Hydrogr., Bd. 4, 8. 91-128. 



aL 

a A 
, m4] -, 07 f 

ss a 

| Says 

APTIESiNT 

wet esp 



Resumen por el autor, Joseph H. Bodine 

Los anestésicos y la produccién de COs. 

I. El efecto de los anestésicos y otras substancias sobre la pro- 

duccién de anhidrido carbénico en ciertos Ortépteros. 

Los datos incluidos en el presente trabajo, presentados en 

forma de curvas, demuestran el efecto de los anestésicos y otras 
substancias sobre la produccién de CQ, en los saltamontes. Los 

resultados son los siguientes: 1) El éter produce un aumento 

seguido de una disminucién en la produccién de COs, que en 
erandes dosis es irreversible. 2) El cloroformo produce una 

disminucién en el CO, seguido de un aumento, que a su vez 

va seguido de una disminucién. El efecto es irreversible. 3). 

La acetona produce un marcado aumento en la produccién de 

dicho gas seguido de una disminuci6n hasta aleanzar un grado 

todavia mayor que el normal. Este aumento se extiende du- 

rante un largo periodo con pequenas dosis y es corto con grandes 

dosis. El efecto es irreversible. 4) El xilol produce un aumento 
en la produccién de CO, seguido de una disminucion irreversible. 

5) El formaldehido produce un aumento en la produccién del 

gas mencionado seguido de una disminucién de la misma magni- 

tud de la produccién normal. Grandes dosis producen un 

aumento seguido de mareada disminucién. El efecto es irrever- 

sible. 6) El éter, cloroformo, la acetona y el xilol en dosis modera- 

das inhiben los movimientos respiratorios en diez a quince minu- 

tos. El formaldehido en dosis relativamente considerables no 

inhibe los movimientos respiratorios en dos horas. 7) Los ex- 

perimentos demuestran que la narcosis no se debe a la axfisia y 

que los anestésicos ejercen accién sobre otras fuciones distintas 

de la respiraci6n. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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ANESTHETICS AND CO, OUTPUT 

I. THE EFFECT OF ANESTHETICS AND OTHER SUBSTANCES ON THE 

PRODUCTION OF CARBON DIOXIDE BY CERTAIN ORTHOPTERA! 

JOSEPH HALL BODINE 

Zoblogical Laboratory, University of Pennsylvania 

FIVE FIGURES 

Investigations on the effects of anesthetics and other substances 

on the production of carbon dioxide have been confined largely 

to plants and aquatic animals. Among the more recent investi- 

gations, using improved quantitative methods, may be mentioned 

those of Osterhout (1) and his students Haas (2), Gustafson 

(3), Brooks (4), Thomas (5), Irwin (6), on the effects of anes- 

thetics and other substances on the respiration of certain plants 

and animals. The results of these authors show that when 

anesthetics are employed in sufficient concentrations to produce 

any results, plants show a rise in rate of respiration, which is 

followed by a fall, while in animals the rise (found in higher con- 

centrations only) is preceded by a temporary fall, which is not 

entirely due to lowering of muscular activity or tonus. In 

lower concentrations the effect on animals is merely a decrease 

in respiration. 

It has seemed desirable to extend these observations (using 

similar methods) to air-breathing or non-aquatic forms. The 

purpose of this investigation, therefore, is to make a comparative 

study of the carbon-dioxide output of various species of grass- 

hoppers under the influence of anesthetics and other substances. 

As pointed out in a previous publication (7), grasshoppers 

have been found to be exceptionally favorable material for 

respiration experiments because body movements can, by proper 

1 One of a series of papers on the morphology and physiology of the Orthoptera 

from the Laboratory of Zoédlogy, University of Pennsylvania. 
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handling, and manipulation of the animal, be practically elimi- 

nated. In these experiments nymphs or adults of the following 

species were used: Chortophaga australior, Chortophaga viridi- 

fasciata, Hesperotettix pratensis, and Melanoplus differentialis. 

All animals were kept in the laboratory under the same con- 

ditions as regards food, temperature, etc., as those used for 

other work in this laboratory. 
Carbon-dioxide determinations were made by the indicator 

method described by Jacobs (8). This method has been ex- 
tensively used in respiration experiments carried out in this 

laboratory, and has been found to be accurate, rapid, and con- 

venient. With it the normal rate of respiration of an animal is 

ascertained by determining the time necessary to produce a 
definite amount of CO,.. The reagents used in experiments are 

added to both control and experimental tubes and measurements 

then made in the same manner as for the normal animals. By 

using a series of experimental tubes, each containing the same 

amount of indicator solution and reagent, the transfer from a 

tube in which the required amount of CO, has been produced to 

a new or fresh one can be quickly made, so that the animal is 
practically exposed continuously to the same amount of re- 

agent during any experiment. Pyrex or nonsol tubes, 25 cc. in 

capacity, were used throughout experiments. 

The method of expressing results is similar to that used by 

Osterhout (1) and his students. According to it, the rate of 

respiration after the addition of the reagent is expressed in each 

case as per cent of the normal rate (which is always taken as 

100 per cent). 

For further explanation of these above-mentioned methods 
the reader is referred to the works of the authors cited. 

The chemicals—ether, chloroform, acetone, xylol, and for- 

maldehyde—were chosen because of their ready volatility, since 
the animals were exposed only to the vapors of the reagent. 

Inasmuch as reagents were added to both control and experi- 

mental tubes, any buffer or other effects due to them were the 
same in both cases. These chemicals, too, as pointed out by 

McClung (9), produce different effects upon the cellular struc- 
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ture when used as killing agents of grasshoppers and, hence, 

make them of much cytological as well as of physiological im- 
portance. Since the movements of grasshoppers normally, 

when the animals are properly handled, are practically negli- 

gible, reagents such as anesthetics have little or no inhibiting 
effects upon body movements. Some chemicals used, how- 
ever, do inhibit the respiratory movements in a very short time 

and such an inhibition perhaps diminishes to a slight extent the 

CO, output; others, in small doses, do not exert any marked 

effects upon the respiratory movements. This question is dis- 

cussed further on when dealing with particular experiments. 

The concentrations of reagents used are not necessarily the 

same in the case of different chemicals, because some are more 

soluble in water, more volatile, etc., than others. With any 
one. chemical, however, the concentrations used are such that 
one may speak of a small or a large dose of the reagent. 

Temperature during any experiment was kept practically con- 
stant, varying not more than 0.5°C. 

Ether. The amounts of ether used varied from one drop 
(0.04 cc.) to 1 ce. Amounts of 0.3 cc. to 0.5 ec. and over produce 

a saturated atmosphere of the chemical in the respiration tube, 
since a great deal of the reagent is left unvolatilzed in the indi- 

cator solution. The grasshoppers used comprised all stages of 

growth, young nymphs to old adults. No marked sex or species 
differences were noted. 

Briefly outlined, the procedure in any experiment was as 

follows. <A single grasshopper was placed in the respiration 

tube (25 cc.) containing 5 cc. of indicator solution, and the time 

required to produce a definite amount of CO, noted. This was 
repeated several times and the average used as normal. The 

reagent was then added to both control and experimental tubes 

and the time required to produce the same amount of CQ, as 

in the normal reading again noted. Since the results for dif- 

ferent individuals are qualitatively alike, the data obtained can 

be best given by curves showing typical cases. At least six, 

and in most cases more, experiments were made with every 
concentration of reagents. 
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Figure 1 shows the effect of a small and a large dose of ether on 

the CO, output. In both cases an increase in CO, output took 

place, which was followed by a decrease. With a small or rever- 
sible dose this decrease remains practically constant during the 
experiment; with a large dose (irreversible) the decrease continues 

up to the end of the experiment. It might be thought that this 

increase in both cases was due to movements of the animal 

100 
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Fig. 1 Curves showing the effect of 0.5 ec. ether (curve A), 1 cc. ether (curve 

C), and 2 drops—0.08 ec.—ether (curve B) on the CO2 production of grasshoppers. 

The point marked 0 on the abscissa indicates the beginning of exposure to ether 

for curves A, B, and C; previous to this the normal production of CO. was deter- 

mined. The normal rate (which is taken as 100 per cent) corresponds to the 

production of a definite amount of CO: in 25.2 minutes for curve A, in 7.7 minutes 

- for curve B, and in 8.5 minutes for curve C. Curves A and C irreversible, curve 

B reversible. For further explanation see text. 

caused by the anesthetic. As a matter of fact, however, when 

an animal is exposed to the ether for a brief period (one to two 

minutes) prior to the recording of the CO, output and all respira- 

tory movements have ceased, the same increase is noted. With 

a small dose the respiratory movements continue quite normally 

for approximately fifteen minutes, when they gradually become 

greatly retarded and eventually cease; with a large dose, the 

respiratory movements stop in a few seconds. An animal ex- 

posed to a large dose for one-half minute prior to recording the 

CO, output ceases to breathe many seconds before the determina- 
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tion is made. The results with formaldehyde, however, which 

are explained further on, show that during exposure to this gas 

the respiratory movements continue quite normally, but changes 

in CO, output are indicated. We, therefore, conclude that 

cessation of respiratory movements cannot account for all these 
changes in CO, output. 

The relative toxicity of small and large doses of ether is of 

some interest. Animals can be revived after being subjected 
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Fig. 2 Curves showing effect of a small (reversible) dose of ether for one-half 

and one hour on the CO: production of grasshoppers. Ordinates represent grams 

CO: produced. Abscissa, body weights in grams. For further explanation see 
text. 

to small doses for much over two to three hours, while with large 
doses, as shown in figure 1 by the marked decrease in CO, out- 

put, the animal succumbs after a relatively short exposure. 

Some experiments carried out in the summer of 1919 on the 

effects of ether on the CO, output of grasshoppers, using the 

barium-hydrate-titration method of Lund (10), are of interest in 

showing that when the time intervals are long, one-half to one 

hour, the changes in rate of CO, output are generally not detected. 

Figure 2 gives the results of such experiments, and shows that 

no marked differences in the total amount of CO, given off occur 
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when an animal is exposed to small doses of ether for such long 

periods. The conclusion might reasonably have been drawn 

from these experiments that no change in rate of CO, output 

takes place. 

Chloroform. The action of chloroform upon grasshoppers is 

decidedly more marked and toxic than ether. The -smallest 

dose, 0.04 ec., for an hour produces irreversible effects. Res- 

piratory movements with such a dose cease in a few minutes 

(one to two). 
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Fig. 8 Curves showing the effect of 2 drops—0.08 ce.—chloroform’ (curves 

A, B, and C) on the COs: production of grasshoppers. The point marked 0 on the 

abscissa indicates the beginning of exposure to chloroform. Previous to this the 
normal production of COz was determined. The normal rate (which is taken as 
100 per cent) corresponds to the production of a definite amount of CO: in 11.7 

minutes for curve A, in 12 minutes for curve B, and 5 minutes for curve C. Curves 

A, B, and C irreversible. For further explanation see text. 

Figure 3 shows graphically the effects of chloroform on the 

CO, output. With small doses (one or two drops) a decrease 

takes place, which is followed by an increase; this in turn is 

followed by a decrease. Experiments in which CO, determina- 

tions were made after cessation of respiratory movements gave 

similar results, thus showing that the stopping of respiratory 

movements was not accountable for the falling off in CO, output. 

When small doses of ether (4 drops) and of chloroform (2 drops) 

are used together, the curve obtained is like that for chloroform 
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alone, i.e., a decrease followed by an increase and this followed 

by a decrease which is irreversible. 

Acetone. The effects of acetone are quite different from those 

of either chloroform or ether. Small doses (2 to 4 drops) cause 
cessation of respiratory movements in ten to fifteen minutes. 

The respiratory movements, however, during this time become 
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Fig. 4 Curves showing the effect of 2 drops—0.08 cc.—acetone (curve A), 

4 drops—0.16 cce.—acetone (curve B), and 2 drops—0.08 cce.—xylol on the COz 

production of grasshoppers. The point marked 0 on the abscissa indicates 

the beginning of exposure to reagents for curves A, B, and C; previous to this 

the normal production of CO. was determined. The normal rate (which is taken 

as 100 per cent) corresponds to the production of a definite amount of COs, in 10.5 

minutes for curve A, in 15.5 minutes for curve B, and in 9.7 minutes for curve C. 

Curves A, B, and C irreversible. For further explanation see text. 

successively slower, until toward the end they are scarcely per- 

ceptible. No acceleration of respiratory movements could be 
shown to take place. 

Figure 4 shows the effect of small doses of acetone on the CO, 

output. At first there is a marked increase, followed by a gradual 

decrease, which is considerably higher than the normal. Larger 

doses produce effects similar to smaller ones, only the decrease 
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extends over a much shorter time. Recovery from acetone is 
never complete; the respiratory movements in some cases begin, 

but the animal is never able to use its limbs and eventually dies. 

Xylol. The effects of xylol are marked and take place in a 

relatively short time. Respiratory movements are slowed and 

cease in from three to five minutes. 

Figure 4 shows the effect of a small dose on the CO, output. 

An increase followed by a decrease takes place. The effect is 

irreversible. 
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Fig. 5 Curves showing the effect of 2 drops—0.08 cc.—formaldehyde (curves 

A and B) on the CO, production of grasshoppers. The point marked 0 on the 

abscissa indicates the beginning of exposure to formaldehyde for curves A and B; 

previous to this the normal production of CO. was determined. The normal rate 

(which is taken as 100 per cent) corresponds to the production of.a definite amount 

of CO: in 10.5 minutes for curve A and in 5 minutes for curve B. Curves A and - 
B irreversible. For further explanation see text. 

Formaldehyde. It is well known that insects are able to with- 

stand large doses of formaldehyde. The following results seem 

to substantiate this fact. With a dose of formaldehyde strong 

enough to cause an unpleasant reaction when applied to the 

nose, the respiratory movements of grasshoppers continue quite 

normally for a period of two hours and over. 

Figure 5 shows the effect of such a dose of formaldehyde on 
the CO, output. An initial increase takes place, followed by a 

decrease, which in magnitude is similar to the normal rate. 

Larger doses produce the same effect, but the decrease following 
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the initial increase is much more marked and to a degree much 

below normal. Recovery from these doses is only partial. Res- 

piratory movements continue for some time after the animal is 

removed to the air, but otherwise the animal does not recover. 

A point of some interest noted in these and in previous experi- 

ments is the effect of various chemicals on the muscles of the 

jumping-legs. With some reagents marked extension of the 

jumping-leg results, while with others no such phenomena occur. 

With a small dose of ether (reversible) no extension is noted 

during the course of an hour to an hour and a half. With larger 

doses (irreversible) a marked extension occurs after a very short 
exposure to the anesthetic. Chloroform in the smallest dose 

invariably produces a marked extension, which after an exposure 

of about a minute is irreversible. After an exposure to a small 

dose of acetone for fifteen to twenty minutes the jumping-legs 

become extended and the effect is irreversible. Xylol in the 

smallest doses always produces a marked extension (irreversible) 

of the jumping-legs. With formaldehyde the jumping-legs 

become extended and do not recover after a short exposure to a 

small dose. Experiments on the effects of chemicals on the 

leg muscles are being continued. 

DISCUSSION 

The effect of anesthetics on respiration, as is well known, is a 

problem in which physiologists have long been interested. The 

various theories and results obtained have been repeatedly dis- 

cussed and need no further mention in this paper. It is evident 

from the experiments herein reported, however, that in grass- 

hoppers anesthetics and other substances produce results which 

are of some interest, especially when compared with those found 

for other forms. Miss Irwin (6), investigating the effects of 

ether on the CO, output of tadpoles, frogs’ eggs, fish embryos, 
and aquatic insects, found that an increase in the CO, output 

was accompanied by irreversible changes leading to death. With 

grasshopppers this was not found to be the case. An increase 

followed by a decrease with reversible doses and an increase 
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followed by a marked decrease with irreversible doses was noted. 

No explanation of these differences is given other than that they 
are probably due to the differences in the material used; in the 

one case all animals were aquatic, while in these experiments 

they were not aquatic. Results obtained by Tashiro (11) have 

not been compared with the present results because of the dif- 

ferences in methods and materials used in the experiments. 

The results obtained for different plant material by Haas (2), 

Gustafson (8), Brooks (4), Thomas (5), and others on the effect 

of ether on respiration are quite similar to those found for grass- 

hoppers, since an increase followed by a decrease was almost 

always obtained. The effects of chloroform on the CO, output 
of grasshoppers resemble those found by Miss Irwin (6) for 

irreversible doses of ether—a decrease followed by an increase 

which in turn is followed by a decrease. The results for acetone 
are similar to those reported by Haas (2) for Laminaria, in which 

the initial increase in CO, output remained approximately con- 

stant over a large number of periods and then gradually de- 

clined, and eventually, with high concentrations, fell very rapidly 

below the normal. Gustafson (3) with Aspergillus niger also 

found strikingly similar results. Formaldehyde in large doses 
acts similarly for grasshoppers as for plants as reported by Haas 

(2) and Gustafson (3). With a dose in which the respiratory 

movements of the grasshopper are not affected, however, we 

get an initial rise, followed by an almost normal rate. 
The bearing of the above results on the various theories of 

narcosis, and especially that of Verworn in which anesthesia 

is described as a kind of asphyxia, is of some interest. They 

seem to show that the action of anesthetics is due to some other 

cause than the effect on respiration. 
The interpretation of the action of various anesthetics on the 

different tissues of the grasshopper is of importance, but will be 

left for future consideration. It is of interest, however, to point 

out here that different effects of anesthetics and other substances 

upon the germ cells of grasshoppers have been noted by McClung 

(9). This author has shown that killing animals with cyanide 
and by decapitation produces results different from those by 
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anesthetics like chloroform and ether. It is well known in the 

case of ova of marine animals that KCN in proper doses diminishes 

oxidation. The author has recently shown that decapitation 

produces a marked decrease in rate of CO, output in grasshoppers, 

and the present results also indicate that anesthetics exert marked 

effects on CO, output. It is quite possible, therefore, that the 
disturbances in the germ cells might be due to or closely related 
to changes in the rates of oxidation. Such an idea, however, 

must be substantiated by results of further experiments. 

SUMMARY 

1. Ether produces an increase followed by a decrease in CO, 

output, which in large doses is irreversible. 
2. Chloroform produces a decrease in CO, output followed by 

an increase which in turn is followed by a decrease. ‘The effect 

is irreversible. 
3. Acetone produces a marked increase in CO, output followed 

by a decrease to a rate still decidedly above normal. This 
increase extends over a long period of time with small doses and 

is short with large doses. The effect is irreversible. 
4. Xylol produces an increase in CO, output followed by a 

decrease which is irreversible. 

5. Formaldehyde produces an increase in CO, output fol- 
lowed by a decrease which is of the same magnitude as the normal 

rate. Large doses produce an increase followed by a marked 

decrease. The effect is irreversible. 
6. Ether, chloroform, acetone, and xylol in moderate doses 

inhibit respiratory movements in ten to fifteen minutes. For- 

maldehyde in relatively large doses does not inhibit the res- 
piratory movements in two hours. 

7. The experiments show that narcosis is not due to asphyxia 
and that the anesthetics have an action other than on respiration. 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 3 
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Resumen por el autor, Henri C. van der Heyde. 

Sobre la respiracién del Dytiscus marginalis L. 

El autor estudia el mecanismo de la respiracién de Dytiscus 

marginalis mediante un nuevo aparato. Cuando el animal 

respira en un espacio cerrado por una gota de petréleo pueden 

observarse movimientos en dicha gota. El primer movimiento 

observable parece ser una expiracién, cuyo hecho esta en abierta 

contradiccién con las afirmaciones previas de otros autores. El 

autor propone una teorfa para explicar este hecho tratando de 

verificarla de diversos modos. Mediantc un nuevo aparato 

estudia el aire después de haber permitido respirar al animal en 

él durante algun tiempo. El hecho sefialado por Ege y Kreuger 

de que el O, acumulado en la cidmara aérea es consumido durante 

la permanencia del animal debajo del agua has sido comprobado 

por el autor. La importancia biolégica de la difusién del 

oxigeno en la camara aérea es objeto de discusién bajo el 

punto de vista fisico-quimico y el autor la considera de un modo 

matematico. Por ultimo, la importancia relativa de los gases 
del agua y del aire para el comportamiento del animal son tam- 

bién objeto de estudio. Parece que atin cuando el animal se 

ha emancipado hasta cierto punto del medio ambiente origi- 

nario depende mucho mds del aire que del contenido gaseoso del 
agua. 

Translation by José I’, Nonidez 

Cornell Medical College, New York 
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THREE FIGURES 

For a comparative physiologist fresh water is the best medium 

from which to gather his material. It is, as Professor Jordan! 

pointed out, very poor with regard to its more highly organized 
primitive forms. Nearly all representatives of those groups 

which are called ‘high’ in the scale of phylogenesis of the mor- 

phologists and systematists, especially the insects, prove by 

their structure that doubtlessly they originally inhabited the 

land. As the structure of an organism is determined on one 

side by its phylogenesis, but on the other hand by the claims of 
‘Milieu’ and ‘Umwelt,’ we may expect that this change of sur- 

roundings has caused certain morphological and physiological 
peculiarities which we are accustomed to call phenomena of 

‘adaptation’ or better perhaps of ‘being adapted.’ Without 
trying to give an explanation of these phenomena, it is the task 

of the comparative physiologist to state them and to study them 

with all applicable methods. ‘Then it will be of special interest 

to see how far a certain species has emancipated itself from its 
original environment and how the same problem has been solved 

in quite a different way in related groups of animals, when we 
compare, for instance, Dytiscus and Hydrophilus with regard 

to their respiration in the groups of the Adephaga and the Poly- 

phaga. 
The respiration of Dytiscus has already been studied by numer- 

ous investigators, though mostly from the morphological stand- 
point. In this paper I shall mention some experiments which 

seem to throw a new light on the whole problem. 

1 Prof. Dr. H. J. Jordan. Het leven der dieren in het zoete water. Utrecht. 

Oosthoek, 1918. 
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The mechanism of their respiration was already known to 

Swammerdam; he also knew that breathing in Dytiscus is entirely 

different from that in Hydrophilus. The old naturalist Frisch? 

had not seen it, and in observing Dytiscus only was led to gener- 

alize. Nitzsch,? a more careful observer, corrected this and 

emphasized the difference between the two species. 

It is not my intention to give a complete history of our knowl- 

edge of this problem. Such review should be absolutely com- 
plete or not be given at all. Moreover, the interested reader can 

find a complete though not wholly impartial summary of the 

older investigations (till about 1912) by Babak in Winterstein’s 
Handbuch der vergleichenden Physiologie, I. Bd., 2 Halfte, p. 452 

seq., while most of the more recent studies have been mentioned 

in Ege’s paper.‘ 

The problem to be solved here has many sides. In the first 

place, the animal must be able to stay for a certain time in the 
water. In consequence of its type of organization, however, it 

is not entirely independent of the atmospheric air. Intermit- 

tently it must come to the surface to breathe, and now the problem 
has to be solved how to penetrate the surface layer. This prob- 

lem has been solved in an entirely different way by Dytiscus 

and Hydrophilus. 
Dytiscus breathes with the edge of its abdomen. By com- 

plicated movements of this abdomen which have been studied in 

great detail by du Bois-Reymond? and Plateau® and in which the 

muscles of the ‘Genitalkapsel’ play an important r6le—these 

2J. L. Frisch. Beschreibung von allerley Insekten in Teutschland. 2 Teile. 

Berlin, 1721. 

3Ch. L. Nitzsch. Ueber das Athmen der Hydrophiliden. Arch. f. Phys. 

Reil und Autenrieth., Bd. 10, 8. 440, 1811. 

Rich. Ege. On the respiratory function of the airstores carried by some 

aquatic insects (Corixidae, Dytiscidae and Notonecta). Zeitschr. f. Allg. 

Physiol., Bd. 17, S. 81, 1918. 

5 R. du Bois-Reymond. Ueber die Atmung von Dytiscus marginalis. Ver- 

handl. der deutschen Physiol. Ges. Arch. f. Phys., 1898, 8. 378. 

6 F. Plateau. Recherches expérimentales sur les mouvements respiratoires 

des insectes. Bull. Acad. Roy. Belg., T. 3, p. 727, 1882. 
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muscles have for this reason been called accessory respiratory 
muscles—a cleft is formed between the edge of the abdomen and 

the two elytra. In that way the large space between the back 
of the animal and these elytra communicates freely with the 

atmospheric air. The edge of the abdomen is fatty, so that the 

water is prevented from coming into the dorsal space. In the 

opening itself we see a number of stiff hairs which probably have 

the purpose of keeping out dust particles and on the other hand 

prevent the air from escaping after the animal has dived into the 

water. Corresponding to this abdominal breathing, the whole 

bunch of stigmata has been moved backward. Without the aid 

of a lens two very large stigmata can be seen at the edge of 

the abdomen while the animal is breathing; moreover, all the 

other stigmata have moved in the same direction. Numerous 

anatomical details are given by Willy Alt.? 

In connection with this brief description of the breathing 

process I wish to state that I am still in doubt whether the 

opening of the abdominal cleft occurs actively or simply in con- 

sequence of capillary forces as, for instance, the ‘hair-crests’ of 

Notonecta do. I base this doubt on the following observation: 

In order to determine the consumption of oxygen of the animals 

in the water, I put two beetles into a beaker and covered the 

water with a layer of paraffin oil. After some time the beetles 

moved the edge of their abdomen towards the limiting layer ap- 

parently with the purpose of breathing. It appeared that they 
were not able to keep the cleft closed, though they had not yet, 

reached the air. In that way the abdominal space was filled in 

less than no time with the oil, and the animals were completely 

motionless after a quarter of an hour. In order to keep them 

alive, I brought them back into the fresh air, but in less than 

two hours they died. When we take into consideration that the 

animals can live for much longer than an hour in the water with- 

out reaching the surface, we cannot explain this result by lack 

of oxygen. 

7 Willy Alt. Ueber das respirationssystem von Dytiscus marginalis L. Zeit- 

schr. f. wissensch. Zool., Bd. 99, S. 357, 1912. Auch Zool. Anz., Bd. 34,8. 793, 1909. 
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The method of respiration of Hydrophilus is entirely different; 

it is, however, not my purpose to enter into details with regard 

to,this species in the present paper. 
Above all, it seemed desirable to me to study the breathing 

mechanism on the intact animal. Curves such as have been 

traced by Babak* may give rise to the objection that they do 

Fig. 1. Apparatus for the registration of the respiratory movements of 

Dytiscus. ' 

not represent the normal breathing mechanism of the beetle. 

This author made an opening in the elytra, fixed the animal 

with pins, and fastened a hooklet in its back. In that way he 

could register the movements of the back on a kymograph. 

The great difficulty however, which must be surmounted is the 

fact that the whole respiratory apparatus is completely covered 

by the large elytra. On the suggestion of Professor Buytendyk, 

I finally used the apparatus of figure 1. 

8 Prof. Dr. Edw. Babak. Mitw. stud. med. J. Hepner. Untersuchungen iiber 

die Atemzentrentitigkeit. I. Ueber die Physiologie der Atemzentrentitigkeit 

von Dytiscus mit Bemerkungen iiber die Ventilation des Tracheensystems. 

Pfliiger’s Arch., Bd. 147, S. 349, 1912. 
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In the vessel A I put the beetle in a certain quantity of water. 
The vessel B has the purpose of compensating occasional dif- 

ferences in temperature and vapor pressure. Both vessels con- 

tain about the same amount of water. In the capillary tube, a, 

a drop of petroleum moves up and down. Petroleum ‘is to be 
preferred to water in consequence of its smaller friction coefficient. 

The utmost care should be taken to keep the capillary tube 

absolutely dry; the sensitiveness of the whole apparatus is lost 
as soon as any water penetrates into this tube. In b and c we 
have a three-way cock, the purpose of which can be easily under- 

stood from the figure. I must still mention, in the first place, 
the glass stopper, d, with which we can bring the droplet to any 

desired spot when the apparatus is ready for use; in the second 

place, the tube e through which the water can leave when the 
apparatus is filled from above with some gas, e.g., Hz or COs. 

In ordinary circumstances they are closed with a glass stopper. 
Care must be taken to keep the tube a absolutely horizontal; 

finally, the apparatus was put in water to keep the temperature 

as constant as possible. 

Let us now describe systematically the movements which the 

droplet makes in the different periods of the breathing process. 

A. As soon as the animal reaches the surface and opens its 

abdominal cleft, the droplet first does not move. Whatever may 

take place during this period, it is clear that in this way an 

occasion for an exchange of gases between the dorsal space and 

the atmospheric air is given. 

B. A short time after this the droplet moves first slowly, then 

more quickly, sometimes intermittently and with pulsations in 

the direction of the distal end of the tube. Obviously, the air 
is expelled in some way either from the dorsal space or from the 

tracheae. The first phase of the breathing process is thus an 

expiration, not an inspiration, as Babak (l.c., p. 350) and almost 

all other investigators postulate. Details will be given later on. 

C. Almost always the animal dives immediately after this. 

Sometimes I could observe a recession of the droplet before the 
animal dived; the distance covered, however, in these cases was 

never more than about one-tenth of the distance traversed during 

the expiration. 
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After the animal has dived we can observe the following move- 

ments of the droplet: 

Animal opens cleft. 

Fig. 2 Schematic representation of the movements of the droplet 

D. In the first place, a regular retrogression of the droplet at 

a slower rate, but over a greater distance than was covered during 
the expiration. When the animal stays under water for a long 

time, the droplet scarcely shows any more movements. 
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E. In the second place one can regularly observe very distinct 
hydrostatic movements. When the animal moves up and down 
in the bottle the air in the reservoir is alternately expanded and 
compressed. The extreme sensitiveness of the apparatus is shown 

by the fact that even these minute changes in volume can be 
read in the capillary tube. This gives, in the second place, a 
good test as to whether or not the apparatus is working all right 
in a certain series of experiments. Sometimes these movements 

do not show because the cleft is completely closed. 

F. Finally, the definite proof can in this way be given that the 
animal breathes under water. This fact has been denied by > 

several authors. Immediately after diving the animal is usually 

very motile. After some time, however, it comes to rest and 

may sit quietly at the bottom of the vessel for a while. Then 

one can observe several times a very distinct moving up and down 

of the droplet: in the meantime the gas-bubble in the cleft of 

the abdomen makes synchronous movements. The latter move- 

ments have already been observed by some authors, while others 

did not seem to realize their importance. 
A diagrammatic representation of the whole process is tried 

in figure 2. The movements of the droplet are supposed to be 

projected on a vertically moving plane. In that way the ordinate 
gives the time, while from the abscissa one can read the location 

of the droplet at every moment. 
We must now try to give an adequate explanation of these 

facts, and in doing so we must keep in mind the following 

considerations: 
1. It has been shown by Ege‘ that the oxygen of the reservoir 

is consumed during the animal’s stay in the water. I could prove 
the exactness of this statement by the following analyses, which 

have been made with Krogh’s apparatus for micro-gas analysis:° 

9 Aug. Krogh. On micro-analysis of gases. Scand. Arch. f. Physiol., Bd. 

20, 1908. 
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TABLE 1 

LENGTH OF! TEMPERA- 
EXPERIMENT BUBBLE TURE RESULT 

1. Dytiscus, immediately after diving I press | 15.35 15.3° | 0.65% COs 

with my fingers a little air-bubble out of the | 15.25 15.5°..| 14.01%" Os 

air-store; this bubble is immediately brought | 13.10 15.7° | 85.34% Ne 

into the apparatus and analyzed 

2. The same, somewhat later 13.90 16.2° | 0.72% COz 
13.80 16.5° | 12.81% Os 

12.02. 16.6° | 86.47% Ne 

3. The animal is prevented from coming up for | 15.49 16.3° | 0.64% CO» 

some time by being shut in an inverted beaker. | 15.39 16.5° | 3.05% O2 
After this analysis as before 14.92 16.7° |96.31% Ne 

Analogous results have been obtained by Elsa Kreuger? in a 

series of very careful experiments. This author studied, more- 

over, the rate of oxygen consumption, and could show that after 
a very rapid decrease in oxygen content in the beginning a kind 

of equilibrium is reached after a while between the tracheal air 
and the air of the reservoir, so that after that the curve proceeds 

much less steeply. 
2. The’animal really expires when it opens its breathing cleft 

at the surface. I could prove this fact which had already been 
made very probable by the movements of the droplet in the 

apparatus of figure 1 in using the following little apparatus, 

not previously described (fig. 3). It simply consists of a beaker 

covered by a flat cork. A space, A, has been made in the center 
of the cork" in which a bubble of air can be brought through 

the pipette, B. The animal is allowed to breathe into this 
bubble after an equilibrium is practically established between the 

10 Wlsa Kreuger. Ueber die Bedeutung des Elythralraumes bei Dytiscus. 

Lund Universites Arsskrift. N. F., Bd. 10, No. 13, 1915. Kongl. Fysiografiska 

Sallskapets Handlingar. N. F., Bd. 25, No. 13. 

11 The air is kept in a hollow metal platelet, which is fixed to the cork by means 

of screws while the spaces above it were filled up with plasticine. 
12 For this reason the cork must not fit too tightly in the beaker so as to 

allow the water to escape at the rim. 
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bubble and the water," and after a sample has been taken of the 

air with one of the pipettes, C, D, and FE. These pipettes are 

built exactly like the ones described by Krogh. Care should be 
taken not to make them too long. After breathing, another 

portion is taken, and quickly the analysis is made, first of the 
third one, because the air is not in equilibrium with the water, 
afterwards of the control portion. 

Fig. 3. Apparatus for the study of the expired air of Dytiscus. By moving 

a water-filled funnel connected with B upwards, the air of the bubble A is pressed 

into the space F, whereas the superfluous water escapes at the rim. The animal 

is allowed to breathe in the space F. With the pipettes C, D, and HE (D and E 

have been indicated with a broken line, as they do not lie in the plane of the 

picture) we can at every movement get a sample of the air. 

With this little apparatus I obtained the following results with 

regard to the composition of the air before and after breathing 

(the analysis has again been made with Krogh’s micro-gas analy- 
sis apparatus): 

 -BIt is very easy to prevent the animal from breathing for a while by shaking 

the beaker at the very moment when it intends to open its cleft for this purpose. 
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TABLE 2 

BEFORE BREATHING AFTER BREATHING 

sth Gite Ateoonipaemae Length of | T zen em Ta- nN. empera- 

Babble. For Result Bubble bore Result 

1 14.33 23<0> 0.21% COs 14.07 PALS Oe 1.07% COz 

14.30 DRA ZOE ZAG Os 13.92 2 iis 13.07% Os 

11.40 23002 79.55% Ne 12.08 BP? 85.86% Ne 

DZ; 14.90 DASRS 0.14% CO. 1 Aa? 23 ae 1.68% COsz 

14.88 24.9° PABA IOs 16.99 23.8° 15.29% Os 

U2 25.02 78.65% N2 14.35 DA oe 83.08% Ne 

These figures show once more: 1) that the animal expires as 

soon as it comes to the surface; 2) that the air-store at the end 

of the period during which the animal remains in the water con- 

tains much nitrogen, little oxygen, and less carbon dioxide than 

one would expect. 
3. In insects, contrary to what we find in vertebrates, expira- 

tion takes place actively as, according to Ege, Brocher™ strongly 

emphasizes. 
4, Dytiscus is able to obtain some oxygen through diffusion 

from the water. What this means and in how far this oxygen 

intake has a biological importance will be discussed later on. 

Here I simply describe the following experiment. 
One beetle was put into a beaker. In order to avoid as much 

as possible the diffusion of oxygen from the air into the water, I 

covered the surface with a floating cork with a little hole in the 
center for breathing (paraffin oil cannot be used, as stated pre- 

viously). Moreover, the beaker was covered by a glass plate. 

Before and after the experiment the oxygen content of the 

water was determined by the method of Winkler.“ 
Experiment A. Animal in the water during 24 hours. Before 

the experiment: 11.27 cc. thiosulphate. After the experiment: 

10.47 ce. Difference: 1.80 ce. 

_ 14His paper, Recherches sur la respiration des insectes aquatiques adultes. 

II. Les Dytiscides. Ann. de Biol. Lacustre, T 4, 1909/11, was not available for 

me. 
15 T did not yet know the remarkable improvement of this method by Edwin B. 

Powers, published in the Bull. o. the Ill. State Lab. 0. Nat. Hist., vol. 11, May, 

1918. 
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Experiment B. Animal in the water during 1$ hours. Before 
the experiment: 10.18 cc. thiosulphate. Afterwards: 9.82 ec. 

Difference: 0.36 cc. thiosulphate. 

Unfortunately, I cannot find the volume of the water used in 

these experiments in my records. Nevertheless, their results 
prove that some oxygen has disappeared from the water, and 

this is the only point I wished to state. 

5. A glance at the figures given in table 1 for the composition 

of the air in the animal’s store immediately after diving shows 

us that this air contains an abnormally high percentage of carbon 

dioxide. The figures of Ege and of Kreuger agree in this respect 
completely with my own. We may therefore safely conclude 

that this air is a mixture of expired and atmospheric air, a 

‘Mischungsluft.’ 

My first impression of the fact that the first phase of the 

breathing process is not an ‘inspiratorische Schluckbewegung,’ 

but an expiration, was that it would complicate our present 

knowledge of the problem to such an extent as to make it a 

chaos of contradicting facts. Certainly, it proves that a great 

deal of the literature based on this hypothesis is worthless. 

It is clear that the only way in which the animal can cause a 

movement of the droplet in the direction of the distal end of the 

tube is by reducing the pressure somewhere else, and it is very 

probable that this reduced pressure will be in its tracheal system 

and tissues. As the animal’s body fluids are incompressible, no 

other possibility can be realized. 

Let us now suppose that in diving the animal takes with it a 

certain quantity of air, A. The oxygen in the air-store is used 

up as I showed in 1. The animal gives off carbon dioxide instead 

of this oxygen, but, as the analyses of three authors show, this 

CO, diffuses out very soon into the water. Consequently the 

volume of the air-store must diminish. Moreover, after some 

time, as both CO, and O, are very low, the partial pressure 
of nitrogen will be higher than in the water, which is in equilibrium 

with the air, and nitrogen will diffuse out. All these factors tend 

to diminish the total volume of the air-store and make it less 
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than A. And now when the animal comes to the surface it 

expires! After that it dives again! It is obvious that in this 
system of reasoning there must be a mistake. In the beginning 

I tried to find its solution in the process under water and tried 

to solve the following question: Is the diffusion of oxygen into 

the bubble sufficient to cover this loss? 

This means: ‘Has this oxygen diffusion a biological importance? 

This has been denied by Ege in his paper cited above. My 

first hypothesis was that perhaps this author had made a mistake 

in his complicated calculations or in the determination of the 

different data used in these calculations. I** therefore took up the 

problem in my own way, but my results are the same as those 

of Ege. 
a. Bohr has given a formula (used also by Ege) which enables 

us to find out the quantity of gas which diffuses into or out of 

a bubble in a certain time. The modification which Ege used is 

ie = in which p: — pz is the difference in pressure 10s) = 0 

between bubble and water (Ap), M the change in volume (Av), 
y the diffusion coefficient of the gas and S the surface through 

which diffusion takes place. 
What I wanted to see was whether O2 would diffuse in faster 

than N, diffuses out or not. Now, when we suppose that one 

diffuses as fast as the other, we have: = = — & z 
Tl Op At Ne 

Substituting Bohr’s formula, we have: 

BS. Vo. 4Do, =! Biyn,. ADw: 
760 7a000. 

Substituting y,, = 0.029 and yy, = 0.009 (Ege), we get: 

Nog. == 0:31 Apy. . In “the water py, 1s, 601° cme See, 

pressure O,. is 159 mm. Hg. When we take, for instance, the 
analytical result of our table 1, analysis 3, as standard for the 
composition of the air after the animal has moved for some time 

in the water, Apo, appears to be — 136 mm. Hg. To balance 

16 T am very much obliged to my friend the physical chemist, Prof. Dr. Allen 

E. Stearn, who helped me in working this problem and had the kindness to look 

over these pages. 
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this Apo,, Apy, must have the value of 421 mm. Hg. Actually 
this value is only 130.8 mm. Hg. This proves that oxygen will 

diffuse in quicker than N, diffuses out, even when we do not take 

into consideration the higher value of CO, in the bubble. 

6. In this way it has been proved that oxygen really diffuses 

faster into the bubble than nitrogen diffuses out. It seems even 
possible that this inflow of oxygen may compensate to a certain 

extent for the decrease in volume of the bubble. 

Another question, however, arises: Will this inflow of oxygen 

enable the animal to stay under water? In other words: Will 
the inflow of oxygen compensate the consumption of oxygen of 

the animal and have in that way a vital biological importance? 

In that case the only reason for the animal to move upwards 

would be the lack of nitrogen, though this seems to be a paradox. 
This question has been denied by Ege, and I completely agree 

with him, though I believe that it can be demonstrated in a much 

more simple way. 
According to Ege’s figures, one Dytiscus consumes in one 

minute 8 mm.’ of oxygen. The quantity which diffuses in can 

be calculated by means of Bohr’s formula: M = use ea =a. 

Taking p = 136 mm., and s = 10 mm.? (as Ege did), 

0.029 x 10 x 136 

760 

of oxygen diffusing in. The discrepancy between these two 
figures is evident. 

vy. In this way we see that the term ‘biological importance’ 

which Ege introduced is ambiguous and should be avoided. As 
far as the oxygen economy is concerned, the oxygen diffusion has 

no ‘biological importance’; that it plays a role in preventing the 
volume of the bubble from decreasing too quickly has been shown 

in the given calculations. 
5. The possibility which occurred to me in the beginning that 

by the inflow of oxygen the volume of the bubble might increase 

so that the animal would be obliged to move upwards simply to 

get rid of its superfluous air—in that way the frequent escaping 

= 0.52 mm.’ 
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of air bubbles from the dorsal space would be explained—is dis- 

proved by the fact illustrated in table 1 (decrease of oxygen till 
about 3 per cent) and by our above-given calculations. 

e. Concluding these theoretical considerations, we may state: 

1) that from the statistical standpoint a state of sliding equilib- 

rium between bubble and water will be reached after a while 

in which O, diffuses in and compensates the outflow of N» (and 

CO,?); 2) taking into consideration the animal’s consumption of 

oxygen, we can see that this inflow has no real ‘biological impor- 

tance’ in the sense in which Ege used this expression. 
This attempt at an explanation revealed some interesting facts, 

but does not give the solution of our problem. It appears that 

the problem cannot be solved by applying physical chemistry to 

the processes which happen during the animal’s stay in the water. 

So we are logically obliged to find its solution in the process of 

breathing itself and in doing so we must keep in mind: 1) that 

the animal expels the droplet of petroleum—this proves that a 

vacuum must be made somewhere as shown above; 2) that the 

air in the dorsal space in the moment of diving is a mixture of 

atmospheric and tracheal air (see 5). I believe that these facts 

enable us to give only one explanation of the whole mechanism as 

follows (though it took me a long time to find it—it is something 

like the egg of Columbus and extremely simple 

after one has realized it): 

As soon as the animal has opened its abdominal cleft, it moves 

its back slowly downwards. Consequently, the air in the stig- 

mata is compressed just a little bit and flows out, partly through 

the dorsal, partly through the terminal stigmata. In that way 

no movement of the droplet can be expected because no vacuum 

nor noticeable compression is made. In this connection it 1s 

remarkable that in several experiments I could observe that the 

droplet continued its backward movement for a few seconds 

after the cleft had made communication between the dorsal space 

and the atmosphere. This may perhaps be an indication in 

favor of my hypothesis. The only effect of the postulated move- 

ment is that the tracheal air is expelled from the tracheae into 

the dorsal space and perhaps into the free air (in the latter case 
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a compensatory inflow of air from the atmosphere into the dorsal 
space is to be expected). Most probably the period called A in 

our description corresponds to this movement. Now the back 

of the animal is raised again. ‘Through the stigmata the air 

sucks into the newly formed vacuum, but it is not able to pene- 

trate soon enough into the tracheae to compensate the vacuum. 

Consequently, we must expect the droplet to move into the 

direction of the distal end of the tube, as in fact was observed. 
Part of the air in the dorsal space is expelled, and as soon as the 

back has returned into its position of equilibrium the animal 

dives (this position will most probably depend on the hydro- 

static function of the air-store which has been emphasized by 
Brocher (p. 344) and Wesenberg-Lund?!’). From that moment 
the movement of the droplet must go in the opposite direction, 

which is in fact observed. Never could I notice any exception 

to this postulate. Now here is another feature in favor of my 

conception of the whole process. When the backward movement 

of the droplet was due only to the diffusion of the expired CO: into 
the water, we would expect it to be very slow—in the case the oxygen 

inflow compensates the outflow of N. and that of CO, completely 

the droplet would even stay where it was:- This is, however, not 

the case: the droplet goes back rather speedily though not as 

speedily as during the expiration (observation D and fig. 2). 

This must be due to the gradual filling up of the vacuum by the 

air which sucks through the stigmata! After a while this vacuum 

must be filled up, and now we may expect the droplet to move 
much more slowly, perhaps even to come to a standstill. This 

was actually observed (observation D). 

In this way no difficulty can be encountered any longer in the 

explanation of the movements, so far as I can see. 

Some more experiments have been made to study the degree 

of emancipation of Dytiscus from its original medium—the air. 

I had the animal respire in different atmospheres while, more- 

over, the gas content of the water was varied. In this way I 

hoped to get an impression of the relative importance of these 

17 Wesenberg-Lund. Biologische Studien iiber Dytiscus. Internat. Revue d. 

Hydrobiologie und Hydrographie. Biol. Suppl., 5 Sér. 1912, p. 89. 
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two factors. In each experiment the time spent at the surface 

was determined by means of a stop-watch and tabulated. The 

experiments lasted half an hour; in the table I also indicated 

the ten-minute periods. 
The experiments were: 

TABLE 3 

Experiment 1. Dytiscus @. Water normal. 

(33 .0mins3) 355,20 mines 25 )otalt4s: 

Experiment 2. Dytiscus o&. Water boiled. 

§.2,32.1004.9.10.1,4/; 10. min. > '7.5.3.3.4.7.109.6.0.10; 20> min. 7 die 
160.10.63. Total 270 + 162 + 264 = 696. 

Experiment 3. Dytiscus &. Water normal. CO: atmosphere. 

In the first 10 min. the animal stayed about 100 sec. under water, after that 

it was about continuously at the surface. 

Experiment 4. Dytiscus o&'. Water normal. Hz, atmosphere. 

20.2.1.2.60.5.34.40.55.50.3.25; 10 min.; 50.4.1.15.150.230.5.10.120.5.10.120; 20 
min. ; 70.30.145.31.65.80.150. Total 297 + 585 + 570 = 1452. ~ : 

The animal gave the impression that it was not able to dive. Perhaps the 

hydrogen gives a marked decrease in specific gravity so that it is made 

very difficult for it to dive. 

Experiment 5. Dytiscus ~. Water boiled, allowed to cool and then saturated 

with carbon dioxide. Air normal. 

2.2°6.2,0.1,0.16.1.2.1.1.1.4:7; 5 min.) 5:1,29. 11-211 4s 0) min 2 

1.60; 15 ‘min. ; ‘55.1.3; 20 min.; 2.28.32; 25° min.; 14.3:5.4.2.4.21 4. Total 

111 + 197 + 119 = 427. 

These experiments show clearly that not only the composition 

of the atmosphere, but also the gas content of the water has a 

noticeable influence on the animal’s behavior, as far as breathing 

is concerned. When we compare, for instance, experiments 1 

and 2, we see a remarkable increase in the number of times in 

which the animal goes to the surface and in the time spent there. 

This is only due to the fact that in one case the gases have been 

expelled from the water so that the air in the air-store must dif- 

fuse out. Very remarkable in this connection is the fact that 

less time is spent at the surface when the water after having been 

boiled and allowed to cool is saturated with CO, (exp. 5). In 
that way CO, cannot diffuse out and decrease in volume is at a 

much slower rate. 

In the second place, these experiments show once more that the 

importance of this gas diffusion has not been realized sufficiently 
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by most students of this problem. Once more we can see that 

it really has a ‘biological importance,’ though not in the sense 
in which Ege has used this expression. 

Much more important than the air content of the water is the 
composition of the atmosphere. A glance at experiments 3 and 4 

shows us immediately how in case of substituting some other 

gas for the normal air the animal almost continuously hangs at 

the surface. CQO, has a stronger influence than H., perhaps be- 
cause it stimulates in some way the centers for breathing. 

In this way we are able to demonstrate that Dytiscus, though 
it changed its medium, is still dependent of its original milieu and 

that changes in this initial environment affect it much more than 

changes in the water. This fact is also nicely illustrated by the 
observation of Plateau,!8 that some ‘land’ beetles could endure 

immersion in the water without contact with the air longer than 

the water-beetle Dytiscus. Oryctes nasicornis, for instance, could 

on the average stay ninety-six hours under water, Dytiscus only 

sixty-five hours. Nevertheless, we can mention certain facts, 
phenomena which without doubt prove a certain adaptation to 

the new medium. Among these could be mentioned anatomical 
features, as the structure of the legs, the backward movement of 

the stigmata, the establishment of the dorsal air-chamber, and 

the structure of the cleft, but also physiological peculiarities, such 

as the whole breathing mechanism, as it has been analyzed in the 

present paper. The facts that the beetle is in some way in- 

fluenced by the gas content of the water, that the oxygen inflow 

into the air-store is necessary in order to prevent it from decreas- 

ing in volume too rapidly, show that the animal has established 

some relations, some ‘Wechselbeziehungen’ with the water. 
These phenomena we might call phenomena of adaptation. 

18 F. Plateau. Recherches physicochémiques sur les articulés aquatiques. 

2me partie. Bull. Acad. Roy. Beg., 41me Ann. 2me Sér., T. 34, p. 263. 
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SUMMARY 

With a new apparatus the mechanism of breathing of Dytiscus 
marginalis L. is studied. The movements of a droplet of petro- 

leum are observed when the animal is allowed to breathe in a 

space which is closed by this droplet. It appears that the first 

observable movement is an expiration, which fact is in contra- 

diction with previous statements of other authors. A theory 

is given to explain this fact and in several ways the verification 

of this theory is tried. With a new apparatus the air is studied 

after the animal is allowed to breathe in it for some time. The 

fact reported by Ege and Kreuger that the O, in the air-store is 

consumed during the animal’s stay under water was proved 

again. The biological importance of the oxygen diffusion into 

the air-store is discussed from the physico-chemical standpoint 

and treated mathematically. 

Finally, the relative importance of the gases in the water and 

in the air for the animal’s behavior is studied. It appears that 

though the animal has become emancipated to a certain extent 

from its original environment, it is still more dependent on the 

air than on the gas content of the water. ; 

Thanks are due to Prof. Dr. Withrow Morse who tried to make 

my English readable even for the English reader—and I trust he 

succeeded—and corrected the many mistakes. 

Morcantown, W. Va., U. S. A., January 6, 1921 
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INTRODUCTION 

The fact of dependent differentiation has been observed in the 

development of several animals. It has been demonstrated that 

certain cells of the early embryos will differentiate into the anlage 

of an organ, providing certain other cells are present to originate 

the stimulus for such a change. In some cases by appropriate 

operations, a third group of cells from a different region of the 

embryo may replace the first group, and will show the same kind 

of differentiation. Such ‘totipotence’ of embryonic cells may 

persist to a certain degree in the adult state of lower invertebrates, 

as shown, for example, by the remarkable regenerative power of 

coelenterates and worms. But in the higher vertebrates totipo- 
tence is lost completely, though at different stages of develop- 

ment in different animals. 

During the past twenty years the organogeny of the vertebrate 

eye has been investigated extensively to discover any correlation 

that may exist between the development of one part and that of 

another. In these studies certain parts have been injured, re- 

moved, transplanted, or replaced by strange parts, in attempts to 
solve the problem. The researches of Spemann (’01, ’03, ’07, ’12), 

Lewis (’04, 05), King (05), Le Cron (’07), Stockard (10), and 
Fessler (’20) are the most noteworthy. In general it has been 

concluded that a certain amount of correlation between the de- 

velopment of the parts of the eye exists, but that also some of the 

parts have become, or are becoming, self-differentiating. For 

example, the formation of the lens is stimulated and aided by the 

optic cup, although under certain conditions it may develop with- 

out the influence of the optic cup (Stockard, ’10). A second 

example is furnished by the appearance of transparency in the 

ectoderm over the eye. In normal development the ectoderm 

over the eye loses its pigment, is thinned, and becomes transpar- 

ent. If ectoderm from a strange region of the embryo replaces 

the normal ectoderm, the former becomes similarly transparent. 
If, however, the eye is removed, no transparency results. ‘These 

discoveries have enlivened the age-old discussion concerning the 

relation between the form and function of an organ. Modern 

biologists may be divided into two groups, according to their 
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interpretation of this relation. It is held, on the one hand, that 

function is causal to form and structure, while on the other, that 

it is resultant. 

In line with the studies on the production of transparency in the 

ectoderm over the young eye, it was suggested to the writer by 

Prof. H. W. Rand that the experimental inhibition of vision by 

grafting opaque skin over the eyes of frog tadpoles, long after 

the eyes had been fully formed, might contribute evidence as to 

any interacting influences between the graft and the eye. Pos- 

sible results of such an experiment are, first, that the graft may 

become transparent by a thinning process and by a loss of its 

pigment cells, thus repeating the embryological history of the 

ectoderm over the eye. This would indicate that there is a direct 

relation between the visual function and the production of trans- 
parency. Secondly, the transplant may remain unchanged, in- 

hibiting vision permanently. Such a result would show that the 

skin had lost its power of becoming transparent or that the eye 

exerted no influence upon the graft. Thirdly, the transplant 

may be completely absorbed or thrown off, thus restoring vision 

and strengthening the causal-function theory. In my early 

experiments, which consisted of grafting tail skin over the eyes 

of frog tadpoles, the first and third possibilities were not realized; 

the second one sometimes was, while the majority of the trans- 

plants exhibited an entirely unexpected kind of adjustment or 

regulation. This adjustment consisted of the absorption of part 

of the graft in such a way that light could reach the eye directly. 

When this was accomplished, absorption ceased. This discovery 

suggested that the function of the eye might be causal to the 

adjustment process. Since no satisfactory explanation could be 

formulated from the results, further experiments were planned 

to answer the question, Is the absorption process really initiated 

and controlled by the interruption of vision? During the greater 

part of the investigation this question could not be definitely 

answered in the negative, and much evidence pointed to its 

affirmation. Finally, from the results of check experiments, in 

which ‘artificial eyes’ were used beneath the grafts in other parts 

of the body, proof was obtained that the visual function does not 
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control the process, and the mystery of the earlier cases disap- 

peared. Partial absorption of the graft, which occurred in so 

many cases, was undoubtedly caused by a mechanical stimulus, 

probably a tension. 

During the study of the pseudoregulation which was observed 

in transplants taken from the tail region only, the problem of a 

possible local specificity of integument was presented. With this 

problem in mind, the experiments were continued, using skin 

from three different regions of the tadpole, namely, posterior 

part of tail, the belly, and the back. The results obtained can be 

interpreted only by assuming that in the integument of those 

regions there are specific substances which retain their individu- 

ality when transplanted to another region and which determine 

the future history of the transplant. The grafts which were 

taken from the belly region were white, due to the absence of 

melanophores. After transplantation to the dark back region 

such grafts acquire melanophores. An attempt was made to 

discover the method of such acquisition. Autotransplants and 
homoiotransplants of belly skin on the back region were studied, 

and their behavior led to the conclusion that the source of the 

graft determines the method of melanophore appearance. Ho- 
moiotransplants are pigmented chiefly by migration of epidermal 

melanophores from the surrounding skin. Autotransplants are 

pigmented chiefly by formation of melanophores in situ. Finally, 

the pigmentation of the conjunctiva, which may be produced 

experimentally by an injury to that tissue, was investigated. 

The description of such experiments will be found in the last 

section of this paper. 
It is not the purpose here to review the extensive literature 

on the transplantation of tissues and organs. Since the time of 

John Hunter, about the middle of the eighteenth century, zoolo- 

gists and medical men have transplanted all kinds of tissues and 

organs under many different conditions and on different species 

of animals. Korschelt (’07), Schéne (12), and especially Bar- 
furth (14) have arranged excellent bibliographies with discus- 

sions of the important researches on this subject. For the ear- 
liest works, the lists given by Bert (’66) and Reverdin (’92) are 
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inclusive. Throughout the following pages many of the terms 

and ideas given by Loeb (’20 a, ’21) and his co-workrs are applied 
in the discussion of my experiments. Other references to the 

literature are specifically quoted in the text, and a list is appended 
at the end of the paper. 

I wish to express my grateful acknowledgment to Prof. H. W. 

Rand for his kindly interest and helpful criticism during the prog- 
ress of the experiments. The work was begun in the fall of 

1915 at Harvard University and continued until the following 

summer. During the next two years it was carried on at the 

Pennsylvania State College, until interrupted, in the winter of 

1917, by the war. In October, 1920, the experiments were 

resumed at Harvard and completed in the spring of 1921. I wish 

also to thank Prof. E. L. Mark, Director of the Zoélogical Labora- 

tories at Harvard, for the privileges of the laboratory and for 

many courtesies extended to me. 

MATERIAL AND METHODS 

Because of the ease in handling the animals and in making 

transplantations, frog tadpoles were selected for the experiments. 

They were of two species, Rana clamitans and R. catesbeiana, 

and were obtained from three different sources, viz., from ponds 
either near Cambridge, Massachusetts, or State College, Penn- 

sylvania, and from Boston dealers in animals, who secured their 

supply from ‘Illinois.’ The tadpoles were collected from the 

ponds during the fall and brought into the laboratory or pur- 

chased from the dealers during the winter months. In length 

they varied from 20 to 100 mm., representing different ages and 

stages of development. No significant differences in the histories 

of the grafts, excepting white grafts on black regions, could be 

correlated with differences in species, size, or age. 
A large balanced aquarium with a mud bottom provided the 

stock animals an almost natural environment. The tadpoles 

being experimented on were kept singly in small battery-jar 

aquaria. Attempts to feed the animals were mostly unsuccessful. 

Earthworms, cooked beef, boiled egg yolk and clam meat, as wellas 
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decaying animal matter, were offered without success. The ac- 

tual food supply seemed to come from the algae, plants and mud 

in the jars. The absence of the vigorous feeding reactions shown 

by young tadpoles in the spring and summer was very marked. 
It was concluded that frog tadpoles of these species must have 

a lowered rate of metabolism during the winter months. In 

their natural habitat, no doubt, such a lowered metabolic rate 

occurs, due partly to the continued low temperature of the water. 

However, aside from this, the animals appeared normal in every 

way and responded to the usual stimuli. Many of them were 

kept in the small jars seven and eight months, a few of them 

undergoing metamorphosis. Except in some of the experiments 

to be noted later, the jars were kept on a table in diffuse daylight. 

The method of procedure in transplanting integument was as 

follows. ‘The animals were placed in 0.1 per cent aqueous solu- 

tion of chloretone (trichlortertiarybutyl alcohol; Parke, Davis 
& Co.), which anaesthetized them sufficiently for the operation 

in from six to fifteen minutes. The minimal time for anaestheti- 

zation is determined principally by two factors: size of the ani- 

mal and the temperature of the solution. As the temperature 

increases, the time decreases; but as the size of the animal in- 
creases, the time increases. A square or other rectangular 

incision with a perimeter of about 24 mm., was made in the integ- 

ument where the transplant was to be placed. In some cases 

all of the integument within the incision was removed; in others 

the integument was left within the incision. When the graft 

was placed over the eye, the conjunctiva lay within the incision, 

as shown in text figure A. The transplant consisted of integu- 

ment taken from one of three different regions of the same animal 

(autotransplantations), or from a different animal not closely 

related (homoiotransplantations). The three regions were: pos- 

terior part of the tail, middle of the back, and middle of the belly. 

In every case it was cut so as to fit as nearly as possible the inci- 

sion to which it was transplanted. The grafts taken from the 

tail consisted of one-half the thickness of that structure, con- 

taining integument, the muscle layer and the notochord. Since 

the transplant was taken from near the base of the caudal fin, 
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the amount of muscle tissue included was very small. Text 

figure B illustrates the shape of such a graft and the place from 

which it was taken. 
After the transplant was fitted to the wound the animal, 

placed on a concave support, was lowered into a small battery 

jar, containing enough 0.04 per cent chloretone solution to cover 

the tail, ventral body region, and the mouth, while the wound 

with its graft was not covered. The tadpoles were then kept 

for two hours under these conditions, during which time the 

transplant established union with the edges of the surrounding 

A 

Text-figure A Diagram of the incision made in the integument around the 

eye. A narrow band of skin was removed, leaving the conjunctiva and some os 

the surrounding skin intact. The graft was then fitted to the incision. X 4. 

Text-figure B Diagram of the posterior tail region from which the tail-skin 

grafts were taken. Dotted lines indicate the limits of such a graft. X 4. 

integument. It was necessary to replace the chloictone solution 

by water whenever the respiratory rate became tco low. This 

method of allowing the graft to unite with the surrounding nor- 

mal integument, depending, as it did, on the coagulated serum 

and blood to hold the transplant in place, has obvious advan- 

tages over suturing or bandaging methods. At the end of two 

hours, the animals were placed in fresh tap-water to recover from 

the anaesthetic. Observations made daily thereafter consisted 

of recording any noticeable changes of form, position, pigmenta- 

tion, and proliferation of the transplant and making sketches or 

photographs. For these purposes a glass cell (75 mm. long, 20 

mm. wide, 25 mm. deep) containing water or chloretone solution 
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was used, the observations being made with a Spencer binocular 

microscope. 

The following series of experiments were performed: 

1. LN series (64 cases): Transplants over normal eyes of ani- 

mals kept in the light. 

2. DN series (16 cases): Transplants over normal eyes of 

animals kept in darkness. 
3. LO series (13 cases): Transplants over eyes whose optic 

nerves had been cut; or over the sockets after the eyes had been 

removed. Animals kept in the light. 

4. LB series (71 cases): Transplants on the body region of 

animals kept in the light. | 
5. LBE series (15 cases): Transplants over ‘artificial eyes’ on 

the body region of animals kept in the light. 

6. DBE series (9 cases): Transplants like the LBE series; the 

animals kept in darkness. 
7. LT series (13 cases): Transplants on the tail region of ani- 

mals kept in the light. . 

The source of the transplants varied in the individual cases, 

as will be seen by referring to the tables which follow. 

GENERAL OBSERVATIONS 

1. Pigmentation 

Among the stock animals there was very little difference in 

pigmentation of the integument from day to day. All of them 

were brown, varying from a light to a very dark shade. The 

animals used in the experiments, however, often showed great 

differences, ranging from complete expansion to complete con- 

traction of the melanophores, depending on the conditions of 

their environment. To investigate the causes of such changes 

in pigmentation, tadpoles were exposed to varying conditions of 

temperature, illumination, and oxygen supply. It was found 

that, independently of ordinary illumination, a low temperature 

causes an expansion of the melanophores. Animals whose me- 

lanophores were maximally contracted were put into water at a 

temperature of 0°C., and exposed to diffuse daylight. After 
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twenty minutes the melanophores began to expand very slowly. 
At the end of two hours they exhibited about one-third of the 

expansion of which they are capable (fig. 20). During the next 

thirty-six to forty-eight hours, according to individual variations, 

expansion continued at a uniformly slow rate until the maximum 

was reached (fig. 19). In this condition the melanophores form 

an intricate network of processes, in which it is very difficult to 

distinguish the limits of the individual cells. During the course 

of expansion the color of the animal as seen by the unaided eye 

changes from a gray-green to a dark brown. The color of the 

pigment granules seen through the microscope is brown. At such 

a low temperature the tadpoles become very sluggish, being 

slightly anaesthetized. Brooks (’18) observed a similar reaction 

in the adult frog at a temperature of 5°C. When replaced in 

water at room temperature (20°C.), the reverse process takes 

place at the same rate; at the end of forty-eight hours, the color 

of the animal is again gray-green, the melanophores now appear- 

ing as single rounded masses typical of the contracted phase. 

As might be expected from the reactions of other animals, the 

melanophores of the frog tadpole contract at high temperatures. 

Animals with maximally expanded melanophores were put into 

water at 35°C. and kept in complete darkness. After an expo- 

sure of from thirty-six to forty-eight hours, the melanophores were 

all contracted (fig. 21). Replaced in darkness at room tempera- 

ture, expansion followed. 
Light acts on the melanophores of frog tadpoles as it does on 

those of many: other Amphibia, by causing their contraction. 

A good review of the literature of pigmentation in Amphibia is 

given by Dawson (’20). He found that in Necturus the melano- 

phores expand in light and contract in darkness. This agrees 

with the ‘primary reaction’ of expansion due to light reported by 

Hooker (14 a) for frog tadpoles. The ‘secondary reaction,’ after 

prolonged exposure, was a contraction. In my experiments 

light regularly caused contraction of the dermal melanophores. 

The primary reaction was not observed. Animals with com- 

pletely expanded melanophores subjected to diffuse daylight on 

an indifferent background become light colored, and an examina- 
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tion of the melanophores shows them to be contracted. This 

condition, although beginning within an hour from the time 

light begins to act, requires about two days for completion. On 

a black background, however, in diffuse daylight, the melano- 
phores will remain expanded, but in direct sunlight on a black 

background, they will contract. The absence of light produces 

expansion. Animals with contracted melanophores were put 
into complete darkness at room temperature. The course of the 
expansion which followed was almost identical with that in the 
temperature tests. At the end of two days the animals were 

dark brown, due to the close network of the melanophore proc- 
esses. When replaced in diffuse daylight, the former condition 

was restored by the end of forty-eight hours. 

It was further found that distilled water, boiled water, or a 
0.1 per cent solution of chloretone, all at room temperature and 
in diffuse daylight, caused rapid expansion of the melanophores, 
the maximal amount being obtained in about one-half hour. 

Contraction is produced when the animals are replaced in tap- 

water in the light. In other words, expansion of the melano- 

phores of the frog tadpole may be produced by anoxemia—a con- 

dition which is the reverse of that existing in the brook trout, as 
described by Lowe (’17). One other condition inducing expan- 

sion, observed frequently, is that of approaching death. Ani- 

mals in a moribund state always show expanded melanophores, 

regardless of temperature and illumination. Such dark animals 

usually die after several days of subnormal behavior, although 

they may recover and the melanophores return to their previous 

state of partial contraction. 

Responses of these pigment cells to temperature, chloretone, 

oxygen deficiency, and approaching death strengthen the hypoth- 

esis that expansion is caused by a decrease, and contraction by 

an increase in the metabolic rate of the whole animal. It may 

be assumed that, at the normal rate of the various chemical 

reactions going on in the body, certain substances specific for 

melanophores are produced in the proper amount to preserve the 

normal state of the pigment cells, whether this be a fully or only 

partly contracted phase. Any change in the rate of these reactions 
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would cause a change in the amount of the specific substances 

produced, and this, in turn, would cause expansion or contrac- 

tion of the melanophores according to conditions. Redfield (18) 
demonstrated that in the horned toad adrenin is the specific 

substance for the pigment cells. The effect of light is not so 
clearly explained by this assumption. However, it is commonly 

true that light acts on animals as a stimulant, causing an increase 

in metabolism, and that the absence of light acts like a narcotic. 

Assuming this for the frog tadpole, which is known to be photo- 

kinetic (Cole, 717; Obreshkove, ’20), the hypothesis is supported 

by the facts of the experiments. 

2. Description of the healing process 

The removal of integument from any part of the tadpole’s body 

initiates a stimulus which forces the epidermal cells surrounding 

the wound to migrate over it centripetally until a new covering 

is formed. ‘This layer is at first only one cell thick, but further 

migration from the edges deepens it to several cells. As they 

move over the wound they carry along epidermal melanophores. 

Further increase in thickness of the new layer results from mi- 

toses, which continue at a rate slightly above normal, until the 

original condition is closely approximated. 

The rapid movement of epithelial cells over a fresh wound was 

first observed in the cornea of the frog by Peters (’85) and later 

in the salamander by Barfurth (91) and again in the frog by 

Loeb (’98) and by Loeb and Strong (’04), who thought that it 

was caused by a tension ‘‘either previously existing or called into 

play by the wound.” Such migration of epithelial cells has been 

seen in many different animals, and in tissue cultures it is a com- 

mon phenomenon. In commenting on the reaction in actinians, 

Rand (15) says: 

In general an epithelium will not tolerate a free edge. When such 
an edge arises, accidentally or otherwise, the epithelium extends until, 
if possible, the free edge meets and unites with some other portion of 
the same layer or with another epithelium. The essential function of 
an epithelium is to cover a surface continuously. 
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The artificial cultivation of epithelial cells (Loeb, ’02; Harrison, 

10, 714; Holmes, 713, 714; Oppel, ’13; Uhlenhuth, ’14; Osowski, 

14; Hooker, ’14 b, and Matsumoto, ’18) has shown the migration 

to be ameboid in character and demonstrated that the cells are 

stereotropic. The presence of some solid body along which they 

may migrate is necessary. Loeb (’20b) interprets the reactions 

seen in wound healing as essentially reactions to foreign bodies. 

The stimulus of the foreign body causes surface changes in the 

cells, leading to ameboid movement. Holmes (14) had these 

reactions in mind when he said, page 292, that ‘‘cells of the epider- 

mis have an inordinate tendency to lateral spreading.”’ ‘The time 

necessary to restore the epidermis depends upon the size of the 

wound. According to Loeb and Strong, a small wound in the 

skin of the frog will be covered within two or three days. No 

distinct increase in mitoses is seen until after the second day. 

Experiments with wounds in tadpoles’ skin show conditions simi- 
lar to those found in the frog. The regeneration of the dermis, 

on the other hand, is a much slower process. It proceeds first 

by migration, and later by proliferation of cells, and requires 

weeks for completion. Even after three months the boundaries 

of the old wound can be distinguished. 

When an autotransplant is fitted into an area See at 

integument, the migration of epidermal cells is reduced to a 

minimum. In such cases the cells move centripetally from the 

edges of the wound, and centrifugally from the edges of the trans- 

plant, until by fusion they form a connecting layer. The epi- 

dermis of the graft and the host becomes continuous within three 

hours. After several days the line of union is marked by an 

hypertrophy of epidermal cells, forming a wedge-shaped mass 

extending down towards the dermis. Figure 11 shows such a 

formation, although of different origin. By the time the dermal 

layers of the two regions have united, between three and four 

weeks after the operation, this formation has disappeared, and 

the normal thickness of the epidermis is restored. Subsequent 
behavior of the graft depends upon its kind and its source, and 

will be described later. 
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3. Proliferation of the transplants 

Only those grafts which were taken from the tail showed any 

growth, i.e., increase in size, of tissue. In some cases the new 

tissue formed was irregular in shape and bore no resemblance to 

a tail. In other cases growth resulted in the formation of a 

miniature tail. In order to avoid any intimation that the growth 

of tail-skin grafts was an attempt of the tissue to form a new 

tail or a new body, the word proliferation is used. Proliferation 

as used here means merely the formation of new tissue by the 
transplant. The maximum amount of new tissue varied in 
individual cases from one-tenth of the transplant to more than 

twice its size (fig. 16). It was not determined what the factors 

are which inhibit further growth when the maximum is reached. 

They must be similar to those which halt the growth of all 

normal tissues and organs. Whatever the cause, the fact that the 
growth of the transplants is limited is no more remarkable than 

the limitation of the growth of all normal tissues in any organism. 

The rate of proliferation is slightly affected by the amount of 

illumination. In the transplants kept in darkness proliferation 

began earlier, proceeded at a greater rate, and came to an end 

sooner than in the transplants kept in ight. Under either condi- 

tion the final result was the same, due to the longer period of 

growth in those exposed to light. Another difference was that 

the new tissue formed in darkness was more irregular or wrinkled 

than that formed in light, possibly because of the greater rate of 

growth. These differences were never marked, but the observa- 

tion of a large number of cases proved their existence. 

In a transplant showing the maximum amount of proliferation 

the original anterior and posterior ends had produced more new 

tissue than the other two edges, regardless of the orientation of 

the graft. In twelve cases proliferation was restricted to the 
originally anterior end, and in twelve others to the originally 

posterior end. In twenty-two grafts both ends proliferated 
equally, forming an elongated diamond-shaped mass (fig.16). A 

tail-skin graft, therefore, retains its anteroposterior polarization, 

both ends being able to proliferate new tissue. Lateral prolifera- 
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tion is slight. The ability of the anterior edge of a piece of tail 

of an amphibian to proliferate has been reported in the literature 

several times. Vulpian (59) observed a very slight proliferation 

at the anterior ends of isolated tails of frog tadpoles. Later 

Born (?97), by means of grafting experiments, demonstrated that 

the anterior edge of tail pieces could produce new tissue. One 
year later, Harrison (’98) observed proliferation in a tail which: 

had been grafted in reversed orientation. In other words, the 

anterior end had proliferated tissue. In one case, where the tail 

of one animal was grafted into the back region of another, the 

anterior end proliferated more tissue than the posterior end. He 

interprets this proliferation as an incomplete regeneration of a 

body, rather than a heteromorphosis. 

In addition to polar proliferation, grafts showed also extremely 
irregular outgrowths. Slender rods, curled or straight, thin 

sheets growing out at different angles, bulbous and pocket forma- 

tions are types of such irregular growths. Their distribution over 

the surface of the graft was general, no area being exempt. 

Several grafts which possessed outgrowths of all the kinds men- 

tioned presented a grotesque appearance. One of the transplants 

established union along its right side only, causing it to stand on 

edge. Proliferation proceeded from both ends which turned 

toward each other and fused, thus forming an open, hollow cone 
4mm. high. At this point growth ceased, the cone remaining 

unchanged for months afterward. There was exhibited in such | 

grafts, then, what may be called ‘amorphic regeneration’ (figs. 5, 
7, 14). The size of the graft seemed to have no relation to the 

rate or the amount of proliferation. Several times small irregular 

masses of epidermis from the tail, less than 1 mm. across, were 

transplanted to the back. All of them showed rapid proliferation, 

until their size had been more than doubled in some cases. It is 

suggested by this fact that the minimum size of a tail-skin trans- 

plant which will proliferate is probably one active epidermal cell. 

Histological preparations of transplants which had proliferated 

new tail tips at both ends showed that the notochord and the 
nerve cord had been extended in both directions about four-fifths 

of the length of the new tissue. Both of these structures appeared 
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like those of a normally regenerated tail (fig. 11). Harrison 

states definitely that in his grafts the nerve cord was never 

regenerated, although the notochord was. It may be that the 

production of nerve cord in the grafts described here was due to 
conditions of age or environment or both, different from those 

under which Harrison made his grafts. In several cases prolifera- 

- tion from the originally anterior and posterior ends consisted 

chiefly of the new notochord with a very thin connective-tissue 

layer between it and the epidermis. Such outgrowths were 

cylindrical, from 1 to 6 mm. long, and usually twisted in various 

ways (fig. 5). 

MECHANICAL ADJUSTMENT OF GRAFTS 

1. Grafts over eyes kept in the light (series LN), or in darkness 
(sertes DN) 

a. Tail skin. The first transplantations consisted of tail skin 

placed over the eyes of animals kept in light. Due to the presence 

of some muscle tissue and the notochord, and to the presence of 

the melanophores of the skin, the transplants were usually opaque 

enough to conceal the eye and, presumably, to inhibit vision. 
They were grafted in four different orientations, viz., with the 

originally anterior end either, 1) on the anterior side of the 
wound; 2) on the ventral side of the wound; 3) on the posterior 

side of the wound, or 4) on the dorsal side of the wound (table 1). 

No relation between the orientation of the transplant and its 

behavior could be determined. The source of the skin was 

usually the animal’s own tail. A few homoiotransplants were 

made, but they exhibit no differences in the adjustment process. 

It should be borne in mind throughout the following descriptions 

that any graft over an eye of a tadpole is necessarily concave on 

its under side, conforming to the shape of the eye. The history 

of each transplant may be divided into three periods, according 

to the changes which are taking place in it. 

(1) First or healing period. The first period covers the time 

of healing and the establishment of union with the host integu- 

ment, and its duration depends primarily upon the accuracy 
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TABLE 1 

The LN series! 

SYM. PROLIFERATION 
UM ren eee ae AMOUNT OF 
BER PATION | «4 Goa ABBORPLION) \l>5 5 1 eee 

‘ Ant. only | Post. only | Both ends | Amorphiec 

86 | h. tail | 270° | sym | 100% Ex. 

10 | tail N | sym | 100% Ex. $s 

18 | tail R' | sym | 100% Ex. re 

27 | tail N | sym | 100% Ex. 

31 | tail R | sym 50% Ex. EE: 

32,| tail R |sym{| 33% Ex. s 

43 | tail N_ | sym i “s 
44°| tail N | sym | 100% Ex. 

45 | tail R | sym sl. abs. e 
48 | tail N | sym 5 
50 | tail R |sym| 50% Ex. re 
ae) tail N |sym]| 50% Ex. ue 
52 | tail N | sym | 75% Ex. ee 

Be etal B, | sya!) (2599 ux. 
54 | tail N | sym | - 

57 | tail N | sym] 75% Ex. % 
58 | tail R | sym | 100% Ex. 

59 | tail N | sym | 100% Ex. 
60 | tail N | sym 75% Ex. a 

61 | tail N | sym ne 
62 | tail N | sym sl. abs. 
63 | tail R | sym 

64 | tail N | sym | 100% Ex. 

65 | tail 270° | sym 4 
66, | h. tail Re Josymar tO a 
G7a|) tal N | sym i 

69 | tail R | sym < 
70 | h. tail | 270° | sym | 100% Ex. 
71 | hz. tail R | sym | 100% Ex. 

72.) b. tail N | sym 50% Ex. 

7 ta R | sym | 100% Ex. e 
75 | tail N | sym _ 
Col tail N | sym sl. abs “2 
78 | tail N | sym 4 
79 | tail N | sym =f Py 
80 | tail N | sym sl. abs. 
81 | tail N | sym nt 
82 | tail 270° | sym a 
83 | tail 90° | sym | 100% Ex. 2 
84 | tail 270° | sym | 100% Ex. rr 
85 | tail N | sym | 100% Ex. 
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TABLE 1—Concluded 

: SYM. PROLIFERATION 
REM oece | OREIN-| | op AMOUNT OF 
BER DABION | orig ABSORPTION: laser ag artist] Ree pES TE? OES ae eS EP 

: Ant. only | Post. only | Both ends | Amorphic 

8/2 h. tail 90° | asym] sl. abs. i 

88 | h. tail | 270° | asym| 50% Ex. 

89 | tail 270° | asym] 100% Ex. 
90 | tail 270° | asym 8 

91 | back N | asym 

92 | tail 270° | asym] sl. abs. a 

93 | tail 90° | asym . 

94 | tail 90° | asym] sl. abs. 

96 | tail 90° | asym 7: 

97 | tail 270° | asym! 33% Ex. ¥ 
98 | tail 270° | sym re 

99 | back N sym 

100 | back N | sym 
101 | back R | sym 
102 | back N | sym 

103 | back R | sym 

104 | back R | sym 

105 | tail 270° | sym. | 100% Ex. . 
106 | tail 270° | sym | 100% Ex. $F 
107 | tail 270° | sym | 25% Ex. " 

108 | tail 270° | sym sl. abs. ce 
109 | back N | sym 
110 | back R | sym 

Totals 

64 | 55 tail 

9 back 

Bes ric = Noon el i 

1 The abbreviations used in this table are as follows: 

Sym., symmetrically placed over the eye 
Asym., asymmetrically placed over the eye 

% Ex., percentage of exposure of eye after absorption 

Sl. abs., slight absorption not reaching eye 

Ant. only, proliferation at originally anterior end of graft 

Post. only, proliferation at originally posterior end of graft 

N., graft placed in original orientation 

R:, graft placed in reversed orientation 

90°, graft placed with originally anterior end ventral 

270°, graft placed with originally anterior end dorsal 

h., homoiotransplant; all others were autotransplants 
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of the fitting of the transplant to the wound. If the latter is 

exactly covered, the healing process, as already stated, is very 

short, complete union being established by the end of twelve 

hours. If, on the other hand, the transplant is too small or too 

large for the wound, the healing process is greatly prolonged and 

firm union may not be established until the end of thirty-six or 

forty-eight hours. A graft which is too small has a stretched 

appearance during this period, as though the epidermal cells, 

moving out over the wound, exerted a centrifugal pull on the 

whole mass. This favors firm and complete union of the trans- 

plant with the host integument along all its edges, provided the 

distances between the four sides of the graft and the host integu- 

ment are nearly equal. If one side is much farther away from 

the host integument than the opposite one, the former will be 

prevented from uniting because of being pulled away from the 

incision (fig. 1). Such a free edge will hasten the absorption 

process, which will be described in the next paragraph. A trans- 

plant of excessive size exhibits a turning under of its projecting 

edges. If all sides project, an increase in the convexity of the 

whole graft is produced during the healing period; if only one, 

the increase is limited to that side. If the overlap is not too great 

(less than about 2 mm.), the curved-in edges and the edges of the 

host integument unite. But since such grafts commonly are 

puckered at one place or another, union is rarely complete. In 

any event, a transplant too large for the wound is more convex 

than one of the right size or one somewhat too small and is less 

likely to be completely united. The first period, then, varies, 

its length being from twelve to forty-eight hours, at the end of 

which time the graft is attached to its host along the whole, or 

nearly all, of its periphery. During this time there is no external 

sign of vascular congestion, although sections show accumula- 

tions of blood cells in the dermis. 
(2) Second or adjustment period. Since all living tissues are 

continually being worn away or used up, the effete elements be- 
ing replaced through regeneration, it is to be expected that trans- 

planted tissue will undergo similar changes. If the replacement 

of tissue does not keep pace with wastage, then the transplant 
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will disappear. But if wastage does not exceed replacement, the 
transplant will continue to exist. In many of the tail-skin 

grafts placed over the eye, there was a local disappearance of 

tissue; that is to say, in a certain area of the graft, the location 

varying in individual cases, wastage predominated over the for- 
mation of new cells. The result was the disappearance of tissue 

in that area. The word ‘absorption,’ as used in this paper, is 

defined as the disappearance of tissue in a small part of the graft, 

without any intimation as to the method of such disappearance. 

The word ‘adjustment,’ because of its broader meaning, has been 

selected to designate the period in which absorption takes place. 

During the adjustment period, a majority of the grafts, thirty- 

seven out of fifty-five, showed absorption in varying amounts—a 

visible proof that some kind of adjustment in the grafts was oc- 
curring. Although the other eighteen grafts did not show this 

sign, it is believed that they also passed through an adjusting 

process. The reasons for the non-appearance of absorption in 

those cases, as will be described later, are probably correlated 

with a firmer state of union between graft and host, or thicker 

tissue of the graft. 

The beginning of the absorption is seen first in those transplants 
which have one edge unattached. The free edge shrinks back 

from the incision, causing the contour of the edge to become con- 

vex to the center of the graft (figs. 2, 6, and 18). In symmetri- 

cally placed grafts, i.e., where the eye is beneath the center of the 

graft, the apex of the absorbed area is directed toward the eye- 

ball, no matter which edge was free in the beginning. Absorp- 

tion continues until the eye is partly or fully exposed to view 

(figs. 3, 4). The process is then checked, no further absorption 

taking place. The time at which evidence of absorption appears 

depends upon the amount of free edge in the beginning. ‘Trans- 

plants LN 18 and 75, for example, whose ventral edges were 

unattached, began to be absorbed during the third day after the 

operation, and on the tenth day the eyes were entirely exposed. 

When the length of the free edge is small or when only a corner 

of the graft is free, the absorption process is delayed. LN 60, 

with its anterior ventral corner free, illustrates such a condition. 
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Absorption did not appear in that graft until the end of the fifth 

day after the operation. On the sixteenth day, about one-half 

of the eye was uncovered. Absorption then ceased. The grafts 

which had established complete union all along their edges showed 

absorption later than any of the others. In LN 44 ten days 

elapsed before the appearance of absorption. On the twentieth 

day after the operation the entire eye was exposed (fig.12). As will 

be seen from the figure, which is a photograph of the living animal, 

the graft is roughly crescent shaped. In that condition it re- 

mained until death on the one hundred and twenty-seventh day 

after the operation. The only change that occurred was a slight 

proliferation of tissue around the edges of the graft. Of the 
thirty-seven grafts which showed absorption, twenty-six had 

established complete union. In these twenty-six cases absorp- 

tion began on the average twelve days after the operation. In 

the other eleven grafts, each one of which had some free place 

along its edges, the average number of days preceding absorption 

was five. Complete union, therefore, delays the absorption proc- 
ess about one week. The delay is usually compensated, however, 

in the grafts with complete union by a greater rate of absorption 

when it does begin. Thus in LN 51, with complete union, the 

first signs of absorption appeared on the fourteenth day. At the 

end of the eighteenth day about one-half of the eye was exposed, 

and absorption then stopped (fig. 18). In this case, absorption 

continued only four days—a period shorter by nearly a week 

than that seen in other grafts where union was incomplete. 

There were a few grafts in which absorption began very late in 
the adjustment period and produced a very small U-shaped area 

not reaching the eye. It is supposed that in these cases the 

third period, one of proliferation, began before the absorption ~ 

had accomplished what it would have, if proliferation had not 

begun. 

Complete union may also cause a second type of adjustment, 

which was shown by six transplants, LN 64, 74, 83, 86, 105, and 

106. In these grafts a circular area near the center gradually 

became thinner by absorption, and at last was perforated, thus 
exposing the eye. In none of them were there any signs of in- 
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fection or other abnormal conditions. ‘The behavior in all of 

them was similar, absorption appearing in the second week, and 

continuing, on an average, for seven days. When the process 

stopped, the opening was about the size of the eyeball (fig. 13). 

As a rule, then, absorption begins at any free place along an edge 

of the graft. When there is no free place, it starts at the weakest 

point on the line of union. When all edges are firmly and com- 

pletely united, then the center of the graft, which is at the point 

of greatest convexity and farthest away from the host, is the 

starting-point of absorption. The place where absorption begins 

is thus determined by the mechanical state of union between 

the transplant and the host. ~ 

It will be noticed from the foregoing description of the absorp- 

tion process, first, that the amount was by no means constant, 

varying from the maximum, which exposed the entire eye, to 

that which produced only a small U-shaped area at a free place 

without reaching the eye; and, secondly, that absorption usually 

began before the close of the second week and came to an end 
during the third week after the operation. ‘There were only two 

exceptions to this rule. LN 62 established complete union and 

thereafter up to the fiftieth day showed no changes. At that 

time it became loosened near the posterior ventral corner, and 

absorption proceeded anteriorly along the ventral edge. After 

a slight withdrawing of that edge, the process stopped and no 

further changes took place (fig. 6). In the other case, LN 88, 

with complete union, the middle of the anterior edge broke loose 

on the thirty-second day. Absorption continued slowly until 

the fortieth day, when one-half of the eye was exposed. ‘These 

two grafts were exceptions in another respect, since they never 

showed any proliferation of tissue. There comes a time, there- 

fore, in the history of the transplant, after which an adjustment 

by absorption does not occur, and this time, according to aver- 

ages, is about twenty-one days. It marks the close of the second 

period. 

(3) Third or proliferation period. During the adjustment 
period, the eighteen grafts which were not absorbed remained 
without visible changes. Union had been established along all 

edges. At about the beginning of the fourth week all transplants, 



374 WILLIAM H. COLE 

excepting LN 62 and 88, with or without absorption history, 

began to proliferate. The formation of new tissue by the graft 

was never observed to occur during the adjustment period. It 

is assumed that a profound change takes place in the tissues of 

the graft which makes them incapable of further adjustment and 

initiates growth. Previous to such a change the connection of 

the blood vessels of the graft to those of the host has been com- 

pleted. It is likely, then, that with the normal blood supply 

restored, the transplant is able to form new tissue. This new 

activity, recognized by an increase in size of the graft and directly 

opposed to absorption seen in the second period, predominates 

during the third period. No further adjustment ever takes 

place. It is suggested by this fact that the absorption process in 

a certain part of the graft may be aided by a poorer blood supply 

in that region than in other regions. 

The originally anterior and posterior ends of the giaft show 

new tissue before the sides, and the amount produced at the ends 
is much greater than that at the sides. In many grafts, however, 

the proliferation was distributed irregularly over the surface, 

constituting amorphic regeneration. The limits of the old tissue 

are easily distinguishable from the new by the larger number of 
melanophores in the former—a condition which persists for 

months. 

When growth begins it proceeds rapidly for a time, and then 
almost suddenly ceases. The following abbreviated notes from 

the records of LN 79 illustrate the history of a typical case of 

proliferation: 

Oct. 4, 1920. Auto-tail-graft over right eye in original orientation. 
Oct. 5. Complete union along all edges. During the next two 

weeks no noticeable changes occurred. 
Oct. 20. Outgrowth along posterior edge of the graft. 
Oct. 22. Very slight proliferation along the two sides. Noticeable 

increase in the amount of new tissue at posterior end. 
Oct. 24. Posterior outgrowth is distinctly triangular in shape. No 

increase in lateral growth. 
rat 30. Posterior outgrowth appears like a normally regenerated 

tail tip. 
Noy. 3. No further increase in proliferation. 
Nov. 17. No changes. 
Jan. 9,1921. Nochanges; animal killed and graft fixed for sectioning. 
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Proliferation in this case began on the sixteenth day after the 

operation, continued for ten days, and then ceased. Up to death, 

over two months after the last recorded change, no further growth 

took place. In other cases growth continued slowly for a month 

before stopping. 

The transplants which had shown no absorption did not differ 

from the others in regard to proliferation. Both kinds of grafts 

passed through the growth period, and at its close reached the 

final stage of equilibrium. This behavior was constant in all 

tail-skin grafts, many of which were kept under observation for 

as long as five months after the last noticeable change had oc- 

eurred. Morgulis (’09, p. 639) summarized the regeneration of 

the marine worm, Podarke, as follows: 

There is a lapse of some time, which varies with different individuals, 
and under different conditions, before new tissue is proliferated; this 
is followed suddenly by a period of rapid formation of new segments to 
be in turn followed soon by a period of slower regeneration. Finally the 
process is brought to a standstill. 

The histories of the proliferation of the tail-skin grafts on frog 

tadpoles and the regeneration of Podarke are thus seen to be 
similar. 

In the DN series (table 2) fourteen transplants of tail skin were 

made, and the animals kept in darkness. Four of them showed 

absorption, a lower percentage than that found in the LN series. 

In two cases the eye was one-half exposed; in the others the 

absorbed area just reached the eyeball. The adjustment went 

on in a manner similar to that seen in the light grafts. There- 

fore, it cannot be said that the absence of light was the direct 

cause of the smaller percentage of absorption cases. The dif- 

ference is correlated with the earlier appearance of proliferation. 

The average number of days at the end of which growth was first 

observed in the DN series was twelve. In the LN series the 

average was twenty-one. The adjustment period of the DN 

grafts was nine days shorter than the same period in the LN 
grafts. Further, the rate of growth was higher in the DN series, 

and was indicated by the greater irregularity of the new tissue 

formed in darkness. It is a well-known fact that in plants the 
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absence of light results in a higher rate of growth. It is not sur- 

prising, then, to find that the same thing is true of animal tissue. 

Amorphic regeneration is typical of DN grafts. Only three of 
them showed tail-like regeneration in addition to the amorphic 

type. In the light series twenty-four out of fifty-five showed the 

amorphic and nineteen produced miniature tail tips. It seems 

that the absence of light hastens the adjustment period, allowing 

TABLE 2 

The DN series 

NUM- orren-| 92™- AMOUNT OF a ie 
BER Jouniee TATION th. ABSORPTION Sil ft ae Selo. 

= Ant. only | Post. on'y | Both ends | Amorphic 

2 tail R | sym . iM 

3 tail N. | sym ss 

4 tail N .| sym : 

5 tail N |-sym | 50% Ex. ce 

6 tail N -| sym ~ 

7 tail i. |) siya “4 

8 tail N | sym om 

9 tail R | sym < 
10 tail RB | sym $s 

11 tail N | sym sl. abs. 
12 tail R | sym | 50% Ex. % 
13 tail N | sym 7 
14 tail N | sym i 
15 tail 270° | sym sl. abs. iW - 
16 back R | sym 

17 back N | sym 

Totals 

16 14 tail 4 1 1 a 14 

2 back 

proliferation to get an earlier start, and also increases the rate of 

proliferation (fig. 14). These two conditions tend to prevent 

adjustment in those grafts which are slow to show it, and to bring 

adjustment to a close, in those grafts which have begun to be 

absorbed, earlier than if they were in the light. . With these ex- 

ceptions, the histories of the LN and DN series were similar. 
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b. Back skin. The second group of transplantations over the 

eyes consisted of grafts of integument taken from the back region 

of the same animal or from another animal. A square of skin from 
the middle of the back was cut out and grafted over the eye in 

the same way as with tail-skin grafts. The histories of such grafts 

differ very markedly from the histories of tail-skin grafts, since 

the former never show absorption or proliferation. The healing 

period is essentially like that described for tail-skin grafts, but 
the subsequent behavior varies according to the source of the 

tissue. Autotransplants remain unchanged and enter the period 

of equilibrium after about four days. The line of union is marked 

by a denser mass of melanophores than elsewhere for several 

weeks afterward. But in time this condition disappears and the 
graft becomes indistinguishable from the surrounding skin (fig.17). 

Vision is thus permanently inhibited, since back skin is thoroughly 

opaque. Neither increase in size nor any other indication of 

growth is shown by such grafts, some of which were under ob- 

servation for five months. Homoiotransplants of back skin over 

an eye are not usually successful. When placed flat on other 

parts of the body, they unite readily, but the healing period is 

prolonged. This is probably due to the action of the homoio- 

toxin upon the protoplasm of the graft, which has been shown by 

Loeb to delay healing of grafts. When the graft is placed over 

an eye the tissue is forced into a curved position by the convexity 

of the eye. Because of the delayed healing and the curvature of 

the new position, homoiotransplants of back skin are not able to 

establish good union. Usually only one edge succeeds in becom- 

ing attached, so that nearly all of the graft soon dies. But the 

homoiotransplants which did unite completely had _ histories 

similar to those of the autotransplants; they showed neither 

absorption nor proliferation. 
The striking difference in behavior between tail-skin and back- 

skin grafts may be due to the physical difference in structure. 

Tail skin is mostly epidermis, with a very thin dermal layer, while 
back skin has a well-developed dermis with many glands and a 

dense fibrous layer. Therefore, back skin is thicker, more com- 

pact and much less plastic than tail skin—facts that may well 
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explain its indifference to any stimuli tending to change its size 

and shape. 

2. Grafts not over eyes (series LB) or over operated eyes (series LO) 

The outcome of the back-skin transplants contributed only 

negative evidence to the question of a relation between the 
visual function and the absorption process, because the difference 

in behavior between the tail-skin and back-skin grafts seemed to 

be due to the difference in structure. It was then planned to 
make grafts of tail skin on the back region of tadpoles, not over 

the eye, to determine whether absorption would ever occur in 
such cases. These grafts constituted a part of the LB series 

(table 4). The operation was like that in the other series. The 
tail skin was fitted to the incision and grafted in place (fig. 15). 

The orientation was varied and some of the animals were kept 

in darkness. None of the twenty-two grafts so made were 

absorbed. They all established complete union along all edges 

and at the end of two weeks they began to proliferate new tissue. 

From the anterior end only, growth occurred in three cases; from 

the posterior end only, in one case, and from both ends equally, 

in eight cases. Sixteen cases showed amorphic regeneration. 

Five weeks after the operation, on an average, these LB grafts 

had reached the period of equilibrium. Thereafter the tissue 
remained unchanged. ‘There is no doubt that the tail-skin grafts 

placed on the body region not over an eye differ entirely in their 

behavior from those placed over an eye. The former never show 

absorption; a majority of the latter do. When the operation 

was varied by using back skin, the results were the same as far 
as the absence of absorption is concerned. Autotransplants and 

homoiotransplants of tail or back skin on the back region are 

never absorbed, and only the tail-skin grafts proliferate. ‘These 
results indicated definitely that the eye in some way is responsible 

for the absorption of the tail-skin grafts. Whether the relation 
between the organ and the adjustment of the graft was due to 

the function or the structure of the eye was still undetermined. 

It seemed as though the severance of the optic nerve before the 

graft was placed over the eye would afford evidence on this ques- 
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tion. Tail-skin grafts were, therefore, placed over eyes whose 

optic nerves had been cut, and also over empty sockets after the 

removal of the eyes (the LO series, table 3). In doing the former 

operation a small piece of the optic nerve, about 1 mm. long was 

removed, so as to prevent regeneration. 
The results of these grafts may be briefly stated. No absorp- 

tion was seen in any of the LO grafts. The explanation is as 

follows. After the severance of the optic nerve, the eye rapidly 

TABLE 3 

The LO series 

PROLIFERATION 

NUMBER] SOURCE OPERATION pe ae ee ae es a on ree Se 
Ant. only | Post. only | Both ends | Amorphiec 

1 tail op. n. cut none ei 

2, tail op. n. cut none a 

3 tail op. n. cut none < ie 
4 tail op. n. cut none gs 

5 tail op. n. cut none e he 

6 tail eye removed | none ri 
7 tail eye removed | none ts se 
8 tail eye removed | none 4 
9 tail eye removed | none x 

10 tail eye removed | none o 
11 back | eye removed | none 

12 back op. n. cut none 

13 back op. n. cut none 

Totals 

13 10 tail |7op. n. cut] none 

3 back 

3 0 2 8 

6 eye removed 

degenerates. At the end of several weeks, postmortem examina- 

tion showed only the remains of the whitish opaque lens. The 

operation and the degeneration of the eye which follows greatly 

lessen and often obliterate the curvature of the conjunctiva, so 
that grafts placed over such eyes are not under the same condi- 
tions as grafts over normal eyes. Those over empty sockets are 

either flat or slightly concave on their outer surface. The absence 
of curvature or the destruction of vision in the LO series may 

have been the reason why absorption did not take place. All 
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TABLE 4 

The LB series 

PROLIFERATION 

NUMBER| SOURCE |SKIN BENEATH ee aie > ee 
Ant. only | Post. only | Both ends | Amorphic 

1 tail “ none es 

2 tail ce none es 

3 tail or none &6 #6 

4 tail “ none 

6 tail ad none ad 

7 tail ee none s 

8 tail se none cs He 

9 tail es none s 

ili tail ef none 3 

12 tail ss none ie 

13 tail ef none cs 6 

14 tail ee none - 

115 tail ee none s 

16 tail & none es 

17 tail af none % 

18 tail s none « 

19 tail none : 4: 

20 tail es none “ 

Dill tail s none ‘ 

22 tail ee none ce o 

23 tail oe none ‘ 

24 tail é none f 

Zo h. back ss none 

26 h. back a6 none 

27 h. back ee none 

28 h. back re none 

29 h. back ee none 

30 h. back se none 

31 h. belly 5 none 

32 h. belly as none 

34 h. belly cs none 

35 h. belly cs none 
36 h. belly cs none 

37 belly $ none 

38 belly a none 
39 belly none 

40 belly as none 
41 belly none 
42 belly pr none 
43 belly os none 
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TABLE 4—Concluded 

PROLIFERATION 

NUMBER| SOURCE |SKIN BENEATH sca rau eh AS SE en 
Ant. only | Post. only | Both ends | Amorphic 

44 belly a none 
45 belly e none 

46 tail Skin and} none < 

glass be- = 
neath “ 

47 tail <6 none 

48 tail.. i gl. out 

49 tail ss gl. out ** 

50 tail e none et 
51 tail ¢ none 

52 tail s§ gl. out 

53 tail sS none ce 

54 tail ee none e 

55 tail id gl. out o 

56 back se none 

57 back ss none 

58 back « none 

59 back id none 

60 back s none 

61 back sé none 

62 back <f none 

63 back cf none 

Glass, but 
no skin 

beneath 

64 tail ae none . 

65 tail fe none . 

66 tail fs none 

67 tail ce none ‘ as 

68 tail ed none *S 

69 tail ee none & 

70 tail 6 none 

71 tail £ none ig 

72 tail oc none se 

73 tail s none 

Totals 

ai'| | | | 6 5. [ove 10 | 24 

of the grafts established complete union, those of tail skin pro- 

liferating in varying amounts, and the others remaining in 

equilibrium. 
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Facts in the histories of the transplants in the LN, DN, LB and 
LO series may be summarized as follows: 

1. Sixty-six per cent of all the tail-skin grafts over normal 

eyes were partially absorbed in one way or another, allowing 
light to reach the eyes.. Complete union of the graft along its 

edges delayed the absorption, and in 33 per cent probably pre- 

vented it. Orientation of the grafts bore no relation to the proc- 

ess, Which was followed by a period of proliferation. 

2. Autotransplants and homoiotransplants of back skin over the 

eyes showed neither absorption nor proliferation. Following the 

healing period, they remained unchanged in size and shape. 

3. When the grafts of skin were placed on the back, not over 

an eye, absorption never occurred. The origin and the kind of 

skin made no difference in the results. Tail skin alone prolif- 
erated. 

4, There was no absorption in grafts placed over empty sockets 

or over eyes whose optic nerves had been cut. Nerveless eyes 

rapidly degenerate, destroying the curvature of the conjunctiva. 

Growth of tail-skin grafts proceeded as in the other series. 
These facts strongly suggested that the curvature of the eyes 

over which the grafts are placed is a possible cause of the absorp- 

tion process. ‘Tail-skin grafts being composed of epidermis with 

only a very thin dermal layer, are very plastic and respond to the 
stimulus imposed upon them by the abnormal curved position. 

If union is not complete or weak at some place, absorption occurs, 

tending to restore the normal flat condition of the tissue. Some 

transplants, because of their greater thickness or because of firmer 
and more complete union than the others, resist the stimulus and 

are not absorbed. This adjustment of the graft, however, must 
take place before proliferation begins. At a certain time in its his- 
tory the transplanted tissue undergoes a profound change, fol- 

lowing which absorption is checked and proliferation is initiated. 

Back-skin grafts, being composed of more compact tissue, with a 
fibrous dermis, are not affected by the stimulus of abnormal posi- 

tion or are not able to respond to it, and so are never absorbed. 
This reasoning does not exclude, however, the possibility of a 

functional cause for the absorption process. It was, therefore, 
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decided to place skin transplants over artificial eyes on the back 

of the animal. The mechanical conditions of such grafts would be 

like those over functional eyes. But the possibility of any in- 

fluence of the visual function upon the grafts would be completely 

removed. If the behavior of such grafts should be the same as 

that of grafts over normal eyes, then the explanation that curva- 

ture causes absorption would be substantiated. 

3. Grafis over artificial eyes, series LBE and DBE 

An incision surrounding a square of integument was made in 

the same way as in series LB. The artificial eyes consisted of 

hemispheres of glass or celloidin with radii equal to or slightly 

longer than the radius of the eyeball. The hemispheres were 

placed on the square of skin with their flat surfaces down, and 
were covered by the graft of tail or back skin. The orientation 

was varied and some of the animals were kept in darkness. 

As is shown in tables 5 and 6, fourteen out of fifteen tail-skin 

grafts showed absorption. The amount of illumination made no 

difference in the result. The average number of days following 

which absorption began was four. The grafts placed over the 

largest hemispheres, in which the elevation of the tissue was 

greatest, began to be absorbed earlier than the others, sometimes 

during the first and second days. In every case the amount of 

absorption is recorded as total, because the ‘eye’ came out as 

soon as the absorbed area became large enough to permit its 

passage. Whether the material was glass or celloidin caused no 

variation in the process. It should be noted that infection or 
injury of the graft was not the cause of the absorption. All 

grafts which showed any signs of infection were discarded and 

their records excluded from the table. After the hemispheres 

had been freed, the transplants settled down flat and soon after- 

ward began to proliferate new tissue, exhibiting the same charac- 

teristics of growth as seen in the previous series. On the other 

hand, not one of the back-skin grafts was absorbed and none 

proliferated. All of the nine cases had similar histories, as far as 

their behavior was concerned. Following the short healing period 

during which complete union was established, they entered the 
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TABLE 5 

The LBE series 

% PROLIFERATION 

3 source | 8 . MATERIAL peel sl 
2 25 Ant. only | Post. only | Both ends | Amorphic 

i tail R glass 100% Ex. . 

P| eit R glass 100% Ex. 

3 | tail N glass 100% Ex. 8 

4] tail N glass none of Se 
alll eacatl R glass 100% Ex. 

6 | tail N cell. 100% Ex. f & 

1 Pbaecke" eR cell. none 

8 | back | R glass none 

9} back | N glass none 

10 | back | N glass none 

Le back |aIN cell. none 

12))| back | # glass none 

ues eas N glass 100% Ex. s . 

14 | tail N cell. 100% Ex. ae “ 

Lal batt R cell. 100% Ex. 

Totals 

15 | 9 tail 10 glass 8 1 ul 2 7 

6 back 5 cell. 

TABLE 6 

The DBE series 

Ks 5 4 PROLIFERATION 

g SOURCE | 8 & MATERIAL Pen te 

= ee Ant. only | Post. only | Both ends | Amorphic 

1 ee R | glass | 100% Ex. - 
2 tail R glass 100% Ex. ? 

3 tail N cell. 100% Ex. 

A | tail N cell. 100% Ex. < 

5. | «tail R cell 100% Ex. ss 

6 | tail R glass 100% Ex. ee 

7 | back N glass none 

8 | back | R glass none 

9| back | N cell. none 

Totals 

9] 6 tail 5 glass 6 1 1 0 3 

3 back 4 cell. 
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period of equilibrium showing no changes during the time of 

observation, which averaged 120 days. 

It might be said that the absorption of the tail-skin grafts over 

artificial eyes was caused by the presence of foreign material 

beneath them. To test this possibility, the hemispheres of glass 

or celloidin were replaced by thin squares of glass cut from the 

ordinary cover-slip. Otherwise the operations were the same as 

those in which the hemispheres were used. Even in such grafts 

slight curvature cannot be avoided. ‘The glass laid on the square 
of skin inside the incision raises the graft slightly above the sur- 
rounding integument. When the edges of the graft begin to 

unite with the surrounding skin, they are pulled downward. 

This downward pull on the edges causes a noticeable curvature 

of the graft. In 40 per cent of these grafts (four out of ten cases) 

absorption occurredand the glass was liberated. The liberation in 

two cases was no doubt facilitated by the sharp corners of the 
glass pressing against the graft. Six grafts showed no absorption, 

the glass remaining buried. The eight back-skin transplants of 

this sort were not absorbed, the glass remaining permanently 

underneath. From these experiments, it was concluded that the 

presence of foreign material beneath the graft was not the cause 

of absorption of tail skin, but that the curvature of the graft was 

the cause. In order to eliminate curvature of the graft entirely, 

all of the integument within the incision must be removed. 

When this was done and the thin square of glass placed in the 

wound was covered by tail skin, no absorption occurred. The 

grafts do not react to foreign material. Their only activity is 
proliferation. Flat grafts in any region have never been ab- 
sorbed. Kendall (’16), reporting on the use of frog skin to cover 

slowly healing wounds in human subjects, says that the ideal 
wound to graft is flat. He found that grafts over curved sur- 

faces were usually unsuccessful. In addition to the curvature, 
the action of the heterotoxin produced in such Batis must also 

hinder the establishment of union. 

The adjustment of a skin graft over an eye is therefore deter- 

mined by the curvature of that organ. Artificial eyes produce 
the same behavior as normal functional eyes. The incidence of 
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absorption cases and the rate of absorption are in direct propor- 
tion to the degree of curvature. The mechanical stimulus due 

to curvature, however, is effective only when the graft is com- 

posed of plastic tissue, like tail skin. The compact tissue of 

back skin is not able to adjust itself. The stimulus is probably 
a tension of some sort, resulting from the healing process. An 

appearance of stretching in grafts is very common. ‘The tension 

acting on the graft leads to a local disappearance of tissue. This 

absorption in turn relieves the tension, and the graft shows no 
further adjustment. It may be concluded, then, that the in- 

hibition of the visual function in the frog tadpole by an opaque 
graft does not effect any regulation of the graft. The adjust- 

ment which does occur is purely a mechanical affair. There are 

two possible reasons why no regulatory effect is seen. First, the 

eye has lost the power, which it possessed during its organogeny, 

of causing the overlying skin to become transparent. This loss 

might be expected, since the eye has completed its development. 

Secondly, assuming that the eye does act upon the overlying skin, 

the latter has lost its power of response to such action. This 

condition of the skin could likewise result from the completion 

of development. In either case, the high degree of differentia- 

tion existing both in the eye and the skin is the fundamental 

reason why there are no effective interacting forces. The loss 

of the power of regeneration, of regulation, and of various other 

processes by an animal at certain periods of its development is a 

familiar fact. It has been called the law of genetic restriction. 

On this ground, the absence of any functional regulation in an 

opaque graft over the eye of a frog tadpole is explained. 

LOCAL SPECIFICITY OF INTEGUMENT 

1. Normal integument 

The arrangement of pigment cells in a frog tadpole’s tail is 

quite different from that seen on the back region of the animal. 
In the:skin of the back dermal melanophores and xantholeuco- 

phores are very abundant, and, when expanded, they form an 

intricate network of interlacing processes. These pigment cells 
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are more or less evenly distributed throughout the skin of the 

back. Although there are distinct variations in pigmentation 

between R. catesbeiana and R. clamitans, the foregoing state- 
ments hold true for both species. In the skin of the tail the num- 

ber of dermal pigment cells is very much smaller than in 

that of the back. Under the binocular microscope individual 

cells may easily be seen, even during extreme expansion. ‘There 

may be occasional collections of several melanophores and 

xantholeucophores within a small area, in which the limits of 

individual cells are obliterated. But in general the cells are 

distinct. In R. catesbeiana the masses of melanophores form 

definite rounded markings and are designated as specific charac- 

ters for that species. In R. clamitans the spots have very irreg- 

ular outlines and are not so dense in color and are inconspicuous. 
The epidermal melanophores of both back and tail are essentially 

alike, but differ slightly in distribution. On the back they are 

more numerous than on the tail. As a result of these conditions, 

the two kinds of skin bear characteristic markings or pigment 
patterns which easily distinguish them from each other. In the 

normal tadpole each region continues to produce skin of its own 

kind. Ifanareais denuded of integument on the back or the tail, 
itis quickly covered by newintegument of the originaltype. Where 

is the mechanism that controls this persistent production of one, 
and only one, kind of skin? Is it located in the skin itself or in 

the animal as a whole? Evidence on this question ought to be 

obtained by transplanting from one region to another and ob- 

serving what changes, if any, take place. ‘The experiments con- 

cerned with the adjustment process afforded an opportunity to 
study such grafts. After they had been examined, other auto- 
transplants were made. Back skin was grafted on to the tail 

and belly skin on to the back. The behavior of homoiotrans- 

plants from the same regions was also studied. 

2. Autotransplants 

Tail skin grafted on to the back is conspicuous because of the 

difference between the pigment patterns of the two types of skin. 

Figures 12, 14, 15, and 17 illustrate such grafts. The visible 
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changes which take place in tail-skin grafts are of two kinds: 

1) those concerned with the adjustment process when the grafts 

are over eyes, and 2) those concerned with proliferation. None 

of these changes affect the characteristic appearance of tail skin. 

The new tissue formed by the grafts is similar in all respects to 

tail skin. Many of the outgrowths even possessed the shape 

of a tail and were described as miniature tail tips. The charac- 

teristics of the pigment pattern and the translucency of tail 

skin were preserved in the old tissue and reproduced in the new. 

One hundred and thirty-six transplants of tail skin on various 
regions of the back gave uniform results in this respect. Not a 

single graft failed to preserve its individuality. The periods of 

observation varied from two to eight months, the average being 

six. Since the epidermal cells are constantly being cast off and 

regenerated and since the tail skin is mostly epidermis, it is safe 

to say that nearly all of the tissue in an old graft, say six months 

after the operation, has been formed since the graft was placed. 
If there is any chemical action of the surrounding skin, or of 

the tissue beneath, or of the blood and lymph, which tends to 

change the visible characteristics of the graft, then it is evident 

that such action is not effective. A more likely assumption is 

that no such tendency exists, but that the cells of the grafts are 

self-differentiating, and, if provided with nourishment, reproduce 
their kind. It is immaterial to such tissue whether the proper 

nourishment comes through the blood vessels of the back or of 

the tail. In other words, the mechanism, perhaps the result of 

a specific chemical group in the protoplasm, resides in the cells 

themselves, and is not dependent upon any interaction with 

other mechanisms outside the cells. 

Integument from one location on the back grafted into a new 

position on the back likewise remains unchanged. All of the 

cases in which back skin was placed over the eye resulted in the 

graft’s becoming indistinguishable from the surrounding skin. 

Figure 17 shows such a graft three months after the operation. 

The line of union is marked by a band in which the melanophores 
are more numerous than elsewhere. This condition disappeared 

after four months. Grafts placed on other parts of the back 
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also showed no changes. All of the autotransplants of back skin 

on the back (thirty cases) gave the same result. No antagonistic 

interaction between the grafted and the host cells was indicated. 

Having proved that tail skin transplanted to the back, and that 

back skin transplanted to a new position on the back always 

retain their individuality, logically the next experiment was to 

make reciprocal grafts; that is, to transplant integument from the 

back on to the tail. There are some mechanical difficulties in 

making such grafts. The back skin may be rolled into a cylin- 
drical mass after healing has begun, or may become so wrinkled 

that union is prevented. However, when the wrinkling is not 

too great and union is once established, the graft persists. Seven 

cases were observed. In every one the difference in appearance 

between the two kinds of skin was very marked, and all of them 

continued to maintain this difference for months after the opera- 

tion. The results were so uniform that the making of more 

grafts of this kind was not deemed necessary. The conclusion is 

inevitable that back skin, as well as tail skin, will retain its indi- 

viduality when transplanted into a strange region of the same 

animal, indicating that there is no effective interaction between 

host and graft tissue. 

The only other region of the tadpole in which the skin is charac- 
teristically different from those already considered is the venter. 

From nearly the whole of that region melanophores are absent, 

and the number of xantholeucophores greatly exceeds. that in 

any other part of the animal. Asa result, the color of the venter 

is white or cream. When transplanted on to the back, belly- 

skin grafts present an excellent opportunity for studying any 

changes in structure or pigmentation that may result. The skin 

heals readily and firm union is established within twenty-four 

hours. Such grafts, ten of which were made, are always sharply 

delimited and never become indistinguishable from the surround- 

ing skin. Because of the transparency of the epidermis, the 

deeper layers of dermis may be seen with the aid of the micro- 

scope, and months after the operation the dermis appears charac- 

teristically different from the dermis of back skin. In a very 
old graft even a casual observer would notice the difference. All 
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of the ten grafts made were alike in this respect. Therefore, the 
conclusions drawn from the results of the other kinds of grafts 

are valid also when skin from the belly is transplanted. 

The final series of autotransplants consisted of belly skin 

grafted on to the tail. There were six of these grafts. It is not 

necessary to describe their histories in detail, because in general 

they were similar to those in the other series. The conditions of 

wrinkling were not quite so pronounced as when back skin was 

used. The important observation is that all of them preserved 

their individuality. 

It has been shown by reciprocal transplantation that in three 

regions of the tadpole’s body a specificity exists. However such 

a condition may be explained, whether simply by postulating on 

good evidence from other sources, a specific protein in the proto- 

plasm, or mystically by assuming the presence of some vital force 

the fact remains that wherever skin may be successfully trans- 

planted on the same animal, the specificity and not the environ- 

ment determines its behavior. The specific protein, however, 

is not different enough from that in another region to set up a 

violent reaction when the two are brought into contact. If such 

a reaction did occur, the grafts would be destroyed, owing to the 

excess of host substance over graft substance. 

3. Homovotransplants 

Homoiotransplants of integument from the back or belly ex- 

hibited striking differences when compared to the same kind of 

autotransplants. There were two constant features of the eleven 

homoiotransplants. The first was a vascular congestion, which 

appeared as a network of blood vessels and spaces, making the 

graft conspicuously red. Through the microscope the circula- 

tion of the blood in this network could be observed. Histological 

preparations showed accumulations of blood cells massed not only 

beneath the dermis, but also between the dermis and the epider- 
mis. ‘The time when congestion appeared varied from twenty- 

four hours after the operation to four days. Its duration aver- 

aged three days. Both its appearance and disappearance 

required twelve hours each. Following the disappearance of 
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congestion, the graft remained unchanged for two or three days. 
The second feature of the grafts was a lymphocytic reaction 

similar to that described by Loeb (20). It was seen in sections 

that nearly all of the available spaces between the dermis and the 

epidermis were filled by lymphocytes. Several weeks after this 

condition appeared, the fibrous layer of the dermis showed evi- 

dence of disintegration and replacement by new tissue. The 

more less continuous sheet of dermal melanophores found in 

normal back skin was broken up into isolated irregular pigment 

masses. ‘The epidermal melanophores had greatly increased in 

number and melanin granules were frequently abundant through- 

out the epidermis. Macroscopically, the graft was considerably 

lighter in color than the surrounding skin, due to the condition 

of the dermal pigment cells. Sections of grafts from the venter 

also showed the degeneration of the dermal layer. The lympho- 

cytes were very numerous and the epidermis contained many 

melanophores, and scattered melanin granules. Dermal melano- 

phores, of course, were absent. The acquisition of black pigment 

cells by white belly-skin grafts is the subject of the following 

section of this paper and will be described there. 
The congestion and lymphocytic reaction are interpreted as the 

first steps in a process of replacement of the graft by new tissue 
formed by the host. The occurrence of such a process is evidence 

of a rather violent chemical reaction going on between the pro- 

toplasms of the graft and host, and a merely specific difference 

between the two could set up the reaction. This condition con- 

firms the observation of many others that the protoplasm of one 

individual is chemically different from that of a second individual 

of the same species. Winkler (’10) made reciprocal homoio- 
transplants of back and belly skin in Hyla, and found that they 

retain their individual characteristics. In 1913 Borst presented 

to the International Medical Congress at London a review of the 

evidence on the specificity of protoplasm, which had been obtained 
up to that time. For alist of papers on this subject, the reader is 

referred to his inclusive bibliography. Later in that year Weigl 

(13) reported that homoiotransplants of skin in salamander lar- 
vae retain their specific character, as far as color and markings 
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are concerned. He also found that the transplant metamor- 
phosed in the manner typical of the region of the animal from 

which it came, without regard to its orientation or to the location 

of its new position. He concluded that in different regions of the 

body the skin is self-differentiating, and that the development of 
a certain color and pigment pattern in a region is not the result 

of correlation between the whole animal and the skin. The 

factors determining the typical color and pattern must therefore 

be formed early in development, and are deposited in the skin. 

This would explain why skin, transplanted to another region, will 

develop its own typical markings regardless of the surrounding 

skin. 

In a general discussion of transplantations, Barfurth (14, 

p. 579) says: 

Wahrend im Allgemeinen | fiir Transplantationen tierischer und 
pflanzlicher Objekte die Regel gilt, dass Unterlage und Transplantat 
ihre Eigenart bewahren, sind aber doch Beeinflussungen der Komponen- 
ten aufeinander bei der innigen Vereinigung méglich und unumganglich. 

The striking experiments of Kornfeld (14) on the transplanta- 

tion of gills in Salamandra show that there must be a specific 
substance for gills which causes the grafts to retain their typical 

form and structure even after undergoing partial oy ee and 

reaching equilibrium. 

A very definite statement is made by Thomson (17, p. 170) 

to the effect that ‘“‘there are as many protoplasms as there are 

individuals, and in homoiotransplants the appearance of a foreign 

protoplasm in the body calls forth ferments into the circulation 

which destroy the transplant.” 

The results which Uhlenhuth (17) obtained by homoiotrans- 

plantation of skin on Amblystoma larvae were like those of 

Weigl’s with Salamandra. Uhlenhuth found that ‘‘individual 

types of yellow spots of the skin of one individual remained 

unchanged even when the skin was grafted to an individual whose 

skin developed yellow spots of another type.’? He concluded 
that the factor which is responsible for the kind of yellow spots 

developed is contained in the skin itself and is specific. 
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Recently L. Loeb (20, ’21) has summarized the investigations 

that have been carried on by him and his co-workers for the past 
nineteen years. Having performed several kinds of transplanta- 

tions on guinea-pigs, rats, rabbits, and fowl, he concludes that 
all the tissues of an animal contain a specific chemical group, 
which is responsible for the animal’s individuality. He calls 

this substance the ‘individuality differential.’ When trans- 

planted to a closely related animal of the same species or to one 

not closely related or to an animal of another species, this specific 

substance reacts with the individuality differential of the host. 

either directly or indirectly, to form a syngenesio-, a homoio-, 

or a heterotoxin, respectively. The resulting reaction may be 

studied quantitatively, and is found to increase in violence as the 

remoteness of the relationship between graft and host increases. 

This furnishes, therefore, a method of determining the degree of 

relationship between individuals. In addition to this individ- 

uality differential, there are also in the tissues of an animal 

“contact substances,”’ ‘‘ which act upon adjoining or distant parts 

of the body and thus bring about a correlation of functions which 

makes possible the orderly development and maintenance of the 

organism’ (Loeb ’21, p. 163). He concludes that cells and tis- 
sues are constantly producing certain substances which play dif- 

ferent réles in the life of the organism as a whole. Some of them, 

for example, are concerned with preserving the individuality of 

the whole animal; others act as stimuli upon adjoining tissues 

and organs; and still others are carried to distant parts of the 

body before exerting their specific action. The latter are the 
hormones. 

The evidence in favor of specificity of protoplasm due to chemi- 

cal differences not only between different individuals, but also 

between different organs and regions of the individual is fairly 

conclusive. The subject is a part of modern biological thought, 

and only a few of the researches concerned with it have been 

mentioned here. However, the possibility that the common 

tissues, such as muscle, connective, and skin, might contain 
specific substances in different regions of an individual has re- 

ceived slight attention. Many experiments have shown marked 
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differences between different regions of an animal’s body in their 

chemical and physiological reactions. For example, when the 

anterior and posterior ends are differentiated, the animal is said 

to show ‘polarity’ or to possess ‘axial gradients.’ Such terms may 
be used merely to describe conditions, but when they are employed 

to express the cause of regional differences, the solution of the 

problem is only delayed. However, if specific chemical differ- 

ences in the cells of the regions concerned can be demonstrated, 
then the explanation of differences in form, structure, and func- 

tion will be easier. 
In the frog tadpole it has here been shown that integument in 

the tail region is specific and retains its individuality even when 

transferred to a new soil. Similarly, skin from the back or the 

belly transplanted to the tail continues to produce back or belly 

skin, respectively, and preserves its individuality indefinitely. 

There must be, therefore, in the integument of these regions 

different substances which are constantly being produced by the 

cells and which determine the character of the new cells formed. 
Two observations in which local specificity of skin in different 

regions of an animal has been noted have come to the attention 

of the writer. These are both reported by Schéne (12). He 

describes reciprocal autoplastic grafts of belly and back skin in 

mice, and states that each kind of skin retains its individual 

characteristics when transplanted to the other region. He then 

quotes (p. 97) the experience of Marchand. In examining a 

graft of arm skin on the nose of a man, presumably autoplastic, 

Marchand found that all the characteristics of arm skin had been 

preserved two years after the operation. Including the evidence 

derived from the experiments reported here, there is ground for 
saying that in frog tadpoles, mice, and human beings a local 

specificity of integument exists. 
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ACQUISITION OF MELANOPHORES BY WHITE GRAFTS ON A BLACK 
REGION 

1. Autotransplants 

It has already been remarked in this paper that white skin 

transplanted from the venter to the back acquires black pigment. 

Although the appearance of melanophores in such grafts varied 

in autotransplants and homoiotransplants, yet the final result 

was the same in both cases. An attempt was made to discover 

how this condition was produced. ‘The experiments of the first 
group were autotransplants. In these cases the melanophores did 

not appear until several weeks after the operation. ‘The process 

was very slow, and in three grafts was not completed at the end 

of five months. ‘The way in which it began was always the same. 

Along the line of union between the graft and the surrounding 

skin, the melanophores began to collect in large numbers, forming 

a conspicuous black border. Very slowly this border of pigment 

cells widened, becoming less dense as it covered more and more 

of the graft. Sometimes the melanophores in the pigmented area 

were arranged in such a position that their long axes were approx- 

imately perpendicular to the nearest edge of the graft. This 

produced the parallel arrangement illustrated by figure 22, al- 

though this condition was never as prominent in autotransplants 

as it was in homoiotransplants. Another arrangement was found 

in some grafts, in which the melanophores were more numerous 

along the four diagonals of the graft than between them. Dif- 

ferences in size, as well as in the distribution, of the cells were also 

evident. The largest melanophores were at the line of union, 

and the smallest ones were found at the other limit of the pig- 

mented border. In this region also large and small masses of 

melanin granules were abundant. Some of the largest masses 

were about the size of melanophores, but without the definitive 
shape of such pigment cells. Occasionally, however, a large 

melanophore of typical appearance could be seen among these 

masses. Centripetal spreading continued until the whole area 

was pigmented, giving to the graft a gray color. As time went 

on, the shade of gray deepened, due to an increase in the number 
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of melanophores, although the graft never, even in the oldest 

cases, became as dark as back skin. Hasty examination indicated 

that nearly all of the melanophores were epidermal, and a study 
of sections confirmed that observation. Only a few scattered 

dermal melanophores were found in old grafts. But epidermal 

pigment cells were abundant. Many of the epidermal cells con- 

tained pigment granules in varying amounts. Some of them were 

nearly filled by pigment, and could easily be interpreted as ‘young’ 

melanophores. Another proof that the pigmentation of such 

grafts is chiefly epidermal may be obtained by peeling off the 

epidermis. Such removal, causing the disappearance of pigmen- 
tation, is always followed by a regeneration of epidermis con- 

taining melanophores. Belly skin grafted on to the tail becomes 

pigmented in the same way. ‘The parallel arrangement of the 

melanophores, the concentration of the pigment cells along the 
diagonals, and especially the presence of melanin granules 

throughout the epidermis were features that were observed. 

2. Homovotransplants 

Homoiotransplants of white skin on the back likewise became 

pigmented, but the process was different in several respects. 

From the six cases examined, the records of the following three 
are of special interest: 

Graft LB 32 was taken from the belly of a large tadpole of R. clami- 
tans (80 mm. long) and placed on the back of a small animal (52 mm. 
long) of the same species. Twenty-four hours after the operation the 
graft was pigmented. The melanophores were not numerous, and were 
evenly distributed. Therefore the graft was only a trifle darker than 
when it was placed. The parallel arrangement near the edges was 
very prominent. Melanin granules and irregular masses of pigment 
were not to be seen. At the end of twenty-eight hours the graft was 
fixed for sectioning. The preparations showed the presence of melano- 
phores in the slightly thickened epidermis. These were indications 
that the epidermis had migrated from the surrounding skin carrying 
with it melanophores. 

Grafts LB 35 and 36 were reciprocal: that is, belly skin from no. 35 
was grafted to the back of no. 36, and belly skin from no. 36 was grafted 
to the back of no. 35. The animals were of the same appearance, 
species, and size (45 mm. long). The histories of the pigmentation 
process in these two grafts were alike. The vascular reaction was 
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very weak, of short duration, about thirty-six hours. From the end of 
that time to the fortieth day after the operation no changes were notice- 
able. On the fortieth day, a concentration of melanophores along the 
edges of both grafts was recorded. Following that appearance the 
pigmented border gradually widened, spreading over the grafts, until, 
on the eightieth day, the last clear areas were pigmented, and the whole 
of each graft was dark gray. During this period, pigment granules were 
abundant in the epidermis; many irregular masses of melanin could be 
found, and parallel arrangement of the melanophores was not at all 
prominent. Sections of LB 36 fixed on the ninetieth day showed that 
the dermis was being replaced by the host; that a few dermal melano- 
phores were present, and that the epidermal melanophores and melanin 
granules were abundant. 

When contrasted with the first of the three cases described, 

these latter two grafts show striking differences. In the first 

place, there was a difference of seventy-nine days in the length 
of the pigmentation process. At the end of the longer period, 

the number of melanophores in the graft was very large, causing 

a deep shade of gray, while after the shorter period, the melano- 

phores were few, although evenly distributed. Secondly, mela- 

nin granules and irregular masses of pigment in LB 35 and 36 

were very abundant, while in the other case they were negligible. 

Thirdly, the sizes and the ages of the animals were very different. 

The first graft was taken from a two-year-old-tadpole and placed 

on an animal of half that age. Therefore, the animals were not 

closely related. The other grafts were interchanged between 

animals of the same age, size, and appearance, belonging to a 

group of tadpoles which had been collected from the same source. 

These are good reasons for believing that they were closely 

related. 

The other homoiotransplants may be arranged between these 

two extreme cases. The duration of the process was about six 

weeks. The melanophores were often arranged parallel to each 

other, and pigment masses and granules were usually not present, 

especially in the early history of the grafts. The concentration 

of melanophores along diagonal lines was very frequent. Material 

sectioned at different stages of pigmentation always showed 

the presence of epidermal melanophores. Only a few dermal 
melanophores were found. In the older grafts the replacement 
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of the dermis was observed. But in none of the sections was there 

conclusive evidence as to the origin of the melanophores. Be- 

fore proceeding to a discussion of these results and a possible 

explanation of them, a brief review of some work done on other 

animals will be given. 

Carnot et Deflandre (’96) grafted small pieces of black skin 

into unpigmented regions of guinea-pigs, and observed the spread- 

ing of pigment from such grafts into the surrounding white skin. 

The process was slow, requiring weeks before the pigment became 

noticeable. They further found that the rate of extension of the 

pigment varied according to whether the host was an albino or a 

dark colored animal. In the latter case, the rate was described 

as ‘rapid,’ while in the former it was extremely slow. ‘This result 

indicated to them that the extension of pigment was not de- 

pendent upon the grafted cells alone, but upon the available 

supply of melaniferous substances in the host as well. Their 

account implies that pigment is formed in situ as the result of 

some stimulus from the graft’s acting upon the neighboring skin. 

In the following year Loeb (’97) reported that when pieces of 

black skin from guinea-pigs’ ears are grafted to a white region 

denuded of skin, the pigment spreads out from the graft into the 

white skin; also that when the reciprocal graft was made, the 

white skin became pigmented, the process beginning at the 

edges of the graft and proceeding to the center. From these and 

later experiments (Loeb and Strong, ’04), he concludes that the 

epidermal melanophores arise from ordinary epidermal cells which 

have become filled by pigment and become branched, and that 

they are also capable of rapid migration. Winkler (10) found 
that the white skin of frogs or tadpoles transplanted to a black 

region became black. He believed that the pigment is formed 
in situ, and that the formation of pigment is an inherent function 

of the epidermis. 

In order to discover any variations in the process that might 

be found in autotransplants and homoiotransplants, the experi- 

ments of Loeb were repeated by Sale and Seelig. They both 

used guinea-pigs. Sale (138) found that an autotransplant of 

black skin on a white region extends its pigment into the sur- 
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rounding skin, but that a ‘homoeotransplant’ of the same kind 

loses its pigment. Seelig (13) performed the reverse operation 

and reported that both autotransplants and ‘homoeotransplants’ 

of white skin on a black region became pigmented. No explana- 

tion of the process is given. Recently Dawson (’20) made grafts 

of this sort on Necturus. Pieces of pigmented skin from the tail 

and of white skin from the venter were interchanged. Although 

it is not definitely stated, it is believed that all of his grafts were 

autoplastic. He found that the white grafts became partly pig- 

mented. The center of each graft remained clear. The single 

graft of black skin on the venter began to lose its pigment ten 

weeks after the operation. At the end of his observations a 

large irregular central area was free from melanophores. ‘This is 

contrary to Sale’s grafts, which preserved their pigment and ex- 

tended it into the surrounding skin. Only in homoiotransplants 

was the pigment lost. 
All of these experiments agree in showing that unpigmented 

skin grafted into a pigmented region of the same animal becomes 

pigmented. Dawson is the only one to observe that the pig- 

mentation is chiefly epidermal, as it is in frog tadpoles. The 

two explanations that have been offered to account for the proc- 

ess are, first, that the epidermal melanophores have migrated 

(either actively, or included in the migrating epidermis as a whole) 

from the host skin into the graft. Active migration of the 

melanophores independently of other epidermal cells has not 

been observed in my transplants, and that method will not be 

considered here. Secondly, the melanophores have arisen in situ 

from epidermal cells. Observations of the surface of homoio- 

transplants in frog tadpoles leads to the belief that the melano- 

phores are carried along by the migrating epidermis, over the graft. 

The parallel arrangement of the melanophores and the gradual 

centripetal spreading seem to support this belief. The possible 

methods of such epidermal migration are four: 1) the graft may 

be ‘overgrown’ by a thin epidermal layer; 2) the epidermis of the 

graft may be ‘undergrown’ by the invading layer of epidermal 

cells; 3) the epidermis of the graft may be gradually replaced by 

an advancing layer of host epidermis; 4) the migrating host 
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epidermis may intermingle with the graft epidermis. In each 

method the melanophores would be carried along by the migrat- 

ing host cells. From the surface appearance and from the fact 

that the new pigmented layer may be peeled off, it seemed likely 

that the overgrowth was the method realized in the case of some 

grafts. However, an examination of sections, both of early and 

late stages of the process, failed to give conclusive proof. In the 

case of the twenty-four-hour process, there were indications in 

some sections of two distinct layers of epidermis, only the outer 

containing melanophores. In other sections, no such condition 

could be found, although the epidermis was slightly thicker than 

normally. In still other cases the epidermis of the graft over a 

region about 2mm. from the line of union was considerably 

thicker than it was in the central region, indicating that the 

advancing epidermis had intermingled with the graft epidermis. 

No evidence in favor of the second and third possibilities was 

found. The only safe conclusion that could be drawn from the 

sectioned material was that migration from the host epidermis 

into that of the graft had taken place. Which of the four methods 

prevailed remains undetermined, although overgrowth seems 

most likely. 

Evidence of the opposite kind came from the grafts LB 35, 

LB 36, and others like them. Their history did not favor the 

migration theory at all. The presence of somany pigment gran- 

ules and irregular pigment masses pointed to a formation in situ. 

There was no indication of overgrowth or intermingling in any 

of the sections. It will be remembered that these animals (LB 

35 and 36) were undoubtedly close relatives. Therefore, the dif- 

ference in their specific protoplasms was not very great, and the 

reaction caused by the grafting was weak. Equilibrium was 

quickly established, and the slow appearance of pigmentation 

was probably the result of formation in situ. Assuming that all 

epidermal cells are potential melanophores and that the sur- 

rounding skin exerts a stimulus upon the graft, such formation 

may be explained. In the twenty-four-hour process (LB 32) 

relationship between the host and the graft was remote, causing 

a violent reaction. Actual union was established only by the 
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epidermis, which showed signs of having overgrown the graft. 
In other words, the homoiotransplant acted as a foreign substance 

placed in a wound, over which the epidermis migrated, as it 
would over any wound. The melanophores were carried along 
by the migration. 

The facts that pigment is constantly being formed in normal! 

epidermis and that epidermal cells migrate rapidly over a wound 

are well known. Evidence of the specificity of protoplasm in 

different individuals and the reactions set up between them has 

been demonstrated by Loeb. Such reactions tend to delay heal- 
ing, and in proportion to their violence. Because of this delay, 

the epidermal cells surrounding a homoiotransplant will migrate 
over it, thereby closing the wound in the shortest possible time. 

Melanophores are carried along and the graft is pigmented. 

When the graft animal is closely related to the host, almost 

immediate healing takes place, the graft being accepted by the 

host, so that migration of epidermis is not necessary. Melano- 

phores are then formed in situ as the result of the normal growth 

activity of the integument. In brief, both methods of pigmenta- 

tion probably exist. Which one predominates, depends on the 

kind of transplant made. In autotransplants formation in situ 

is chiefly responsible for pigmentation, but in homoiotransplants 

and heterotransplants epidermal migration is the primary cause. 

Both methods concern epidermal melanophores, but only the 

former method can give rise to dermal pigment cells. When 
applied to the observations of Loeb, Winkler, Sale, Seelig, and 

Dawson, this hypothesis seems to hold. It also explains the 
behavior of the grafts on frog tadpoles. Further experiments 

will determine its validity. 

PIGMENTATION OF THE CONJUNCTIVA CAUSED BY INJURY 

In examining a group of tadpoles obtained from a dealer, one 

animal was found with several scars on its head. The left eye 

was gone, the wound having been covered by a thin regenerated 

layer, and the right eye was partly concealed by pigmentation 

of the conjunctiva. Attention is called to the fact that in frog 

larvae the external structure of the eye is very different from that 
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of the adult. The outer portion of the wall of the eyeball, the 
cornea, is not attached to the overlying integument. The latter 

fits over the eye smoothly, is transparent, and is homologous to 

the corneal conjunctiva of the adult eye. Figures 19 and 20 of 
De Waele’s paper (01) illustrate this condition, which is found 

also in fishes. The conjunctiva consists of an epidermis two or 

three cells thick and a very thin dermal layer. 

A study of the abnormal conjunctiva revealed the presence 

in it of xantholeucophores, as well as dermal and epidermal 

melanophores. ‘The xantholeucophores were fewest and the epi- 

dermal melanophores were most numerous. The only noticeable 
feature of their arrangement was the general and even distribu- 

tion. The animal was isolated and kept under observation for 

four months, during which time the pigmentation did not change. 

It was evident that the abnormality had been caused by an in- 

jury to the conjunctiva. If this was true, it should be possible 

to duplicate the condition in the laboratory. Five healthy nor- 

mal animals were selected. Their eyes were carefully examined 

and were found to show no defects or pathological conditions. 
No pigment cells of any kind were present in the conjunctivas. 

By means of a fine-pointed needle the conjunctiva of the right 

eye of each animal was scratched in many places on the surface, 

and in two cases was punctured. Twenty-four hours afterward 
epidermal melanophores were distributed over the conjunctiva 

in three animals, including both punctured cases, and showed 

distinct radial arrangement. This arrangement continued into 

the surrounding skin about 2 mm. back from the edge of the 

conjunctiva. The other two eyes showed epidermal melano- 
phores in the outer half of the conjunctiva only, the central re- 

gion being clear. Radial arrangement was marked. At the 

close of the second day, they were pigmented over their whole 
surface, so that all five cases were similar in appearance. By 

the end of four weeks the number of epidermal melanophores had 
increased only slightly and dermal melanophores were appearing 

around the edges of the conjunctiva. All indications of radial 

arrangement had disappeared. Xantholeucophores first ap- 

peared during the eighth week after the operation. By this time 
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the dermal melanophores were present throughout the conjunc- 

tiva, although by no means so numerous as epidermal melano- 

phores. Subsequent changes were very slow and involved only 

a gradual increase in the number of pigment cells. A count of 

the pigment cells in the conjunctiva on the tenth week gave the 

following totals: ninety-two epidermal melanophores, twenty-one 

dermal melanophores, and sixteen xantholeucophores. ‘The left 

eyes of these animals remained normal. 

The experiments were repeated on five other animals with the 

same results. It was found, further, that there was a minimum 

degree of injury, following which pigmentation was produced, 

and that pigmentation was probably restricted to that region 

of the conjunctiva which had been injured. The latter observa- 

tion was furnished by a single case, in which only the ventral 

half became pigmented. It was assumed, therefore, that only 

the ventral half had been sufficiently injured. The determina- 

tion of relations between the stimuli and the reaction will be the 

subject of further investigation. 

The experimental production of pigmentation in the conjunc- 

tiva, such as has been here described, has an important bearing 

on several subjects. In the first place, it furnishes further evi- 

dence on the mechanism of epidermal wound healing. There is 

no doubt that the epidermal melanophores which were present 

in the conjunctiva twenty-four hours after the injury were car- 

ried along by the migrating epidermal cells from the surrounding © 
skin. The centripetal movement of epidermis occurred in re- 

sponse to the stimulus produced by the wound. This reaction 

has been discussed elsewhere. The radial arrangement of the 

cells and their sudden appearance can be explained in no other 
way. The subsequent increase in the number of epidermal 
melanophores, as well as the appearance of the dermal melano- 

phores and xantholeucophores was probably the result of forma- 

tion in situ. This secondary step, one of mitotic multiplication of 

integumentary cells, is like that which takes place in normal re- 

generation of skin. The writer believes that this is more prob- 

able than that the increase of pigment cells is due to continued 

migration. 
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In the second place, the persistence of melanophores in a 

region which is normally transparent and free from pigment cells 

shows that a profound change has occurred in the integument, 
or in the eye, since the time of early development. It was 

pointed out earlier in this paper that at a certain stage in the 

development of the eye the overlying ectoderm is thinned, loses 

its pigment, and becomes transparent. If the ectoderm is re- 
moved, the regenerated layer will become transparent, or if it 

is replaced by ectoderm from another region, transparency will 

be produced. Lewis (’05) speaks of this process as ‘corneal 
clearing.’ However, if the eye is removed entirely previous to 

this time, no such reaction of the ectoderm occurs. A definite 
influence of the eye structure upon the ectoderm is thus demon- 

strated. Since at a much later time pigment is tolerated in this 

region, proof is obtained that cither the eye has lost its power to 
exert its stimulus upon the overlying skin or else the skin is 

unable to respond to such a stimulus—a conclusion reached from 

the study of the skin grafts over the eye. Another set of grafts 

showed that in the different regions of the body the integument 

is specific, having lost its embryonic totipotence. The condi- 

tions found in the conjunctiva support these conclusions. The 
tissue of the conjunctiva is specific also, but when it is badly 

injured, the repair of the wound must be made by the surrounding 

skin. The cells of that tissue are specific, and when they form 

‘a new covering for the eye, they will retain their specificity. 

Pigment cells which have been carried along will persist, and new 
ones will be formed as in the normal growth activity of the-integ- 

ument. There are better reasons to believe, therefore, that the 

skin has lost its power to respond to the stimulus arising from the 

eye, although the possibility that the eye exerts no stimulus upon 

the skin is not excluded. 

Finally, the pigmentation of the conjunctiva resulting from an 

injury recalls the appearance of pigment in regions of hyper- 

trophy. ‘There are several kinds of cancers in which the produc- 

tion of pigment is very marked. Some of them are called mela- 

notic because of excessive pigment production. Ina study of the 

“origin of cancers, it has been shown that chronic inflammation 
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may result in abnormal pigmentation. By the rubbing or in- 

jection of various substances, such as paraffin oil, xylol, agar- 

agar, olive oil, and sudan III, into the skin of guinea-pigs, rabbits, 

and rats, a hypertrophy of the skin was produced, accompanied 

by an increase in the pigment content (Brosch, ’00; Ribbert, 04; 

Fischer, 706; McConnell, ’07). Schultz (12) described a case of 

excessive pigment formation of inflammatory origin in human 

skin. He observed that the chromatophores, as well as other 

kinds of cells, were stimulated to proliferate. It seems from these 
results that whenever skin cells are stimulated to multiply at a 

rate considerably above normal, pigment formation is increased 

at a still greater rate. In spite of many attempts to explain such 

reactions, an account satisfying all the known conditions remains 

to be given. The possibility that sarcomatous pigmentation is 

due to stimuli fundamentally similar to the appearance of pig- 

ment cells following an injury to the conjunctiva is merely sug- 

gested here without drawing any conclusions. More evidence on 

the whole subject of hypertrophy of integument and chromato- 

phores is necessary. 

GENERAL SUMMARY AND CONCLUSIONS 

A. Mechanical adjustment of grafts over eyes 

1. Over the eyes of tadpoles of Rana catesbeiana and R. clami- 

tans varying in length from 20 to 100 mm., opaque skin was 

transplanted in a manner calculated to demonstrate the existence 

of any regulatory interaction between graft and eye tending to 

restore the function of the eye. 

2. In 66 per cent of the operations in which tail skin was placed 

over the eye, the grafts were absorbed in a way which tended to 

expose the eyes. Back-skin grafts over the eyes were never so 

absorbed. 

3. Tail skin and back skin placed on other parts of the body 

were never absorbed. 

4. Tail-skin grafts over hemispheres of glass or celloidin (‘arti- 

ficial eyes’) were absorbed in the same way as grafts over normal 

functional eyes. Back-skin grafts so placed were not absorbed. 
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5. Tail-skin and back-skin grafts over thin glass plates were 

not regularly absorbed. The foreign material is not the stimulus 
for absorption. 

6. The absorption of tail-skin grafts over normal eyes, as well 

as over the convex ‘artificial eyes,’ is caused by the curvature of 
the eyeball or of the artificial eye, respectively. The more com- 

pact structure of back skin prevents the absorption of back-skin 

grafts. The curvature of the graft during the healing period 

causes a tension, which is the mechanical stimulus for absorption. 

7. In direct contrast to back-skin grafts, all tail-skin grafts 

proliferated new tissue. In some cases miniature tail tips were 

formed, while in others amorphic regeneration predominated. 

The anterior ends of such grafts, as well as the posterior ends, 

are able to regenerate a tail tip containing notochord and nerve 

cord. 

8. Following the proliferation period, all grafts enter a state of 

equilibrium in which there is no increase in their size. 

9. There is, therefore, no functional regulation of skin grafts 

over eyes. This lack of correlative regulation is the result of 

the high state of differentiation and specificity attained by the 

skin and the eye. 

B. Local specificity of integument 

1. Integument from the tail, back or belly transplanted to 

another region of the same animal preserves its individual . 
characteristics indefinitely. 

2. Homoiotransplants of integument preserve their individ- 

uality only temporarily, their tissues ultimately being replaced 

by regenerated tissue of the host. 

3. The integument of frog tadpoles is therefore locally specific, 

and is self-differentiating when transplanted to new soil on the 

same animal. 

C. Acquisition of melanophores by white grafts on a black region 

1. Autotransplants and homoiotransplants of white belly skin 

on the back or tail region acquire melanophores. 
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2. In autotransplants the acquisition is chiefly the result of 

formation of pigment from epithelial cells in situ. 

3. In homoiotransplants the pigmentation is chiefly the result 

of epidermal migration which carries along the melanophores 

from the surrounding skin. It is followed later by formation of 

pigment in situ, as in the normal growth activity of integument. 

D. Pigmentation of the conjunctiva caused by injury 

1. When the conjunctiva of frog tadpoles is extensively injured 

by scratching or pricking, the regenerated tissue is pigmented, 

first by epidermal melanophores and later by dermal melano- 

phores and xantholeucophores. 

2. The persistence of such pigmentation in the conjunctiva is 

further proof that no correlation between the eye and the over- 

lying integument exists in tadpoles 20 mm. or more in length. 

3. The epidermal melanophores are carried along by the mi- 

grating epidermis. The second step in the pigmentation process 

is probably a mitotic multiplication of integumentary cells, in- 

cluding the formation of pigment cells, and is the result of the 

normal growth activity of the integument. 

E. Reactions of the melanophores 

1. Expansion of the dermal melanophores is caused by a low 

temperature (near 0°C.) independently of illumination, by dark- 

ness, by a 0.1 per cent chloretone solution, by anoxemia, and by 

the low metabolic rate of the whole animal coincident with a 

moribund state. 

2. Contraction of the dermal melanophores is caused by a high 

temperature (near 35°C.) independently of illumination, by light, 

and by a return of normal environmental conditions after the re- 

moval of the effects of chloretone and anoxemia. Contraction is 

also coincident with the recovery from a moribund state. 
3. Either expansion or contraction usually requires about thirty- 

six hours for completion, although the reactions begin within 

twenty minutes after the initiation of the stimulus. Oxygen de- 

ficiency brings about complete expansion in about one-half hour. 
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4. It is therefore probable that any stimulus which lowers the 

metabolic rate of the whole animal also causes expansion of the 

melanophores, and any stimulus causing an increase in the meta- 

bolic rate causes a contraction of the melanophores. 
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PLATE 1 

EXPLANATION OF FIGURES 

1to4 Drawings of graft LN 18 at successive periods in the adjustment proc- 

ess. s, scar in host integument where incision was made. The upper edge of 

each figure represents the anterior end of the graft. X 7. 
1 Graft LN 18 as it appeared on the second day after the operation. 

2 Same graft one week after operation. 

3 Same graft two weeks after operation. 

4 Same graft six weeks after operation, showing the maximum amount of 

proliferated tissue that was formed. 

5 Graft LO 5 four months after the operation. Proliferation from both ante- 

rior and posterior ends is shown, as well as amorphic regeneration over the surface 

of the graft. The anterior outgrowth is cylindrical and twisted back on itself, 

while the posterior one is tail-like. No absorption occurred. X 7. 

6 Graft LN 62 four and one-half months after the operation. The ventral 

edge is unattached and has shrunken back toward the eye*-a condition which 
persisted. X 6. 
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PLATE 2 

EXPLANATION OF FIGURES 

7 A transverse section of graft LN 79, illustrating amorphic regeneration. 

Only grafted tissue is shown. The notochord (n) is in two parts, the larger 

being the old notochord and the smaller being the regenerated notochord. The 

nerve cord is seen just beneath the notochord. Due to the irregularity of the 

proliferated tissue, there are several spaces lined by epidermis, all of which open 

to the outside, however. X 34. 

8 Transverse section of graft LB 10 three days after the operation. Beneath 

the graft is seen the integument of the host (hi) with many blood cells in the der- 

mis. Blood cells have also penetrated the notochord (nm) of the graft. Subse- 

quent behavior of such autotransplants results in the lining of the space between 

graft and host by epidermis, with an opening to the outside somewhere. X 513. 

9 Transverse section of graft LO 2 five weeks after the operation. It will 

be noticed that the dorsal side of the graft (lower edge in figure) has become con- 

tinuous with the skin of the host, due to establishment of union distally. The 

other side has united proximally. X 38. 

10 Transverse section of graft LO 2 near the posterior edge, showing the 

point of union on the dorsal side. The epidermis on the under side of the graft 

and the epidermis of the host, covered by the graft, have become continuous, 

thus lining the cavity. X 45. 

11 Tangential section, nearly longitudinal, of graft LN 78, showing boundary 

between old grafted tissue and the new proliferated tissue. mn, notochord of old 

tissue; rn, regenerated notochord; nc, regenerated nerve cord. X 973. 
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PLATE 3 

EXPLANATION OF FIGURES 

12 Photograph of graft LN 44, taken twenty-six days after the operation. 

The only change up to death, on the 127th day, was a slight increase of prolifer- 

ated tissue at the ends. X 3. 
13 Photograph of graft LN 64, taken eleven days after the operation. The 

darker region surrounding the central opening is due to an abundance of melano- 

phores there.  X 3. 

14 Photograph of graft DN 2, taken fourteen days after the operation. 

Proliferation has begun and is easily seen at the corners of the graft. The irreg- 

ularity of the proliferated tissue is noticeable. X 3. 
15 Photograph of graft LB 9, taken four months after the operation. Slight 

amorphic regeneration is shown. No absorption occurred and the characteristic 

features of tail skin were preserved. X 3. 

16 Photograph of graft LN 78, taken three months after the operation. Pro- 

liferation from both ends, absence of absorption, and preservation of tail-skin 

characteristics are the features of this graft. Refer to figurell. X83. 

17 Photograph of graft LN 104 taken three months after the operation. The 

back-skin graft over the eye has become almost indistinguishable from the sur- 

rounding skin, but the tail-skin graft has proliferated and preserved its charac- 

teristics. X 3. 
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PLATE 4 

EXPLANATION OF FIGURES 

18 Photograph of LN 51 taken sixteen days after the operation. Absorption 

began along the ventral edge. Two days after this photograph was made, about 

one-half of the eye was exposed ina dorsal view. No further absorption occurred. 

xX 3. 
19 Photomicrograph of dermal melanophores of an animal which had been 

kept in ice-water (0°C.) for four days. An intricate network of melanophore 

processes entirely obliterates the limits of individual cells. X 2938. 

20 Photomicrograph of dermal melanophores of an animal which had been 

kept in ice-water (0°C.) for two hours. The cells, which at the beginning of 

the experiment were completely contracted (fig. 21), are shown to be about one- 

third expanded. X 298. 

21 Photomicrograph of dermal melanophores of an animal which had been 

kept in warm water (35°C.) for two days. The cells are maximally contracted. 

X 293. 
22 Photomicrograph of epidermal melanophores of graft LB 34, showing the 

parallel arrangement of the melanophores and masses of melanin granules. 

X 320. 
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Resumen por el autor, Leon 8. Stone. 

Experimentos sobre el desarrollo de los ganglios craneales y el 

sistema de 6rganos sensoriales de la linea lateral en 

Amblystoma punctatum. 

Los experimentos llevados a cabo por el autor han consistido 

en la extirpacién de las placodas y la cresta neural. La cresta 

neural se origina en el tubo neural, en el margen dorsal de la 

fusion de los pliegues neurales; en el desarrollo normal, todas 

estas células, con la excepcidn de una pequefia parte de ellas, 

se transforman en el ‘‘mesectodermo”’ emigrante que se extiende 

ventralmente sobre el mesodermo de los arcos viscerales, en- 

volviéndolos, y finalmente se sittia en sus superficies medias, 

en las cuales forma los cartilagos del esqueleto visceral. 
La extirpacioén de las células de la cresta produce ausencia o 

defectos en la mandibula, cuadrado, porciones anteriores de 

las trabéculas, y en todos los cartilagos branquiales, con la ex- 

cepcidn del segundo basibranquial. Este ultimo se origina a 

expensas del mesodermo situado a lo largo de la pared anterior 

de la camara pericirdica. La ausencia de la cresta neural en 

la region branquial est’ acompafnada siempre de pequenas bran- 

quias externas, que contienen una porcién subnormal de tejido 

conectivo. La extirpacién de las placodas epibranquiales de 

los nervios VII, IX y X produce ausencia de los ganglios y ner- 

vios viscerales especiales. El] sistema cutdneo general deriva 

en gran parte, si no enteramente, de las placodas, mientras que 

el sistema visceral general deriva aparentemente de la cresta 

neural. Cuando se extirpan regiones del ectodermo anteriores 

y posteriores a la placoda auditiva en el momento de cerrarse 

los pliegues neurales, la linea del cuerpo, los primordios occipital 

y supraorbital y sus ganglios de la linea lateral correspondientes 

faltan. Todos los grupos de los 6érganos de la linea lateral pare- 

cen originarse a expensas de primordios separados. 

Translation by José F. Nonidez 

Cornell Medical College, New York 
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INTRODUCTION 

The experiments set forth in this paper were undertaken for 
the purpose of extending our knowledge concerning the part which 

placodes and neural crest play in the formation of cranial ganglia 

and nerves, and also to determine, if possible, the extent of their 

1 Read before the American Association of Anatomists, March 25, 1921. 

421 



422 L. S. STONE 

contribution to the formation of the mesoderm and the exact 

origin and fate of the ‘mesectoderm’ tissue. Experiments have 
never before been applied to the solution of these problems, all 
of our knowledge having been obtained from studies made upon 

successive developmental stages of normal embryos. 
In the present study of the early stages of development it has 

been found that cells are given off for the formation of certain 

ganglia by epibranchial, lateral-line, gasserian, and ophthalmic 
placodes. From the early appearance of the neural crest in the 

dorsal portion of the neural canal at the time of the closure of the 

neural folds the crest cells have been followed as they migrate 
over the mesoderm of the visceral arches, increase in number and 

finally arrange themselves upon the median and ventral sides of 

this mesoderm, where they form the cartilages of the visceral 

skeleton except the second basibranchial. The distinctness of 

the early crest-cell groups and placodes makes it possible to re- 

move these structures by employing the operative methods now 

so commonly used by investigators upon amphibian embryos. 

It is also possible to remove areas of ectoderm from early embryos 

in which the placodes have not yet become prominent enough 

to be identified, and thus to ascertain how early these placodes 

in the ectoderm are laid down as definite entities. 

Much confusion arose in the earlier descriptions of placodes 

by the failure to distinguish clearly between ectodermal thicken- 

ings in relation to the gill clefts and those related to the forma- 

tion of the lateral-line system. Not until von Kuppfer (91) 

clearly pointed out the distinction between dorsolateral and ven- 

trolateral, or epibranchial placodes, was there hope of obtaining 

light on the formation of the components of cranial ganglia. De- 

scriptions of cells breaking off en masse from the epibranchial 

placodes and being added to portions of the cerebral ganglia have 

repeatedly appeared in the anatomical studies of all types of 

vertebrates, especially among the fishes and amphibians (van 

Wijhe, ’82; Beard, ’85; Froriep, ’85; Platt, ’96, and Landacre, 

10 and ’12). Landacre has assigned a definite function to these 

epibranchial placodes. He has shown in Ameiurus (710) that the 

special visceral portion of the [IX ganglion appears to come from 
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the epibranchial placode of the first true gill. Since Herrick 

(07)? had found only gustatory fibers arising from the visceral 
ganglion of IX, Landacre naturally concludes that the epibran- 
chial placode of IX gives rise to the ganglionic cells from which 

the gustatory fibers arise. He further expresses the opinion that 

this is the function of the epibranchial placodes in all types of 

vertebrates (Landacre, 712), since these placodes occur only on 

those nerves of VII, IX, and X which contain special visceral 

fibers, and since the relative size and growth of the epibranchial 
placodes in Lepidosteus and Ameiurus seem to be in relation to 
the area and time of appearance of taste buds supplied by fibers 

from special visceral ganglia. Coghill (716) finds conditions in 

Amblystoma which seem to indicate that the visceral ganglia of 

VII, IX, and X all receive masses of cells from the epibranchial 

placodes. 

There is also evidence that there are other placodes besides 

those concerned in the formation of lateral-line ganglia, L.e., 

general cutaneous placodes. Platt (’96) notes in Necturus that 

an ectodermal thickening above the eye appears to be concerned 

in some manner with the formation of the ophthalmicus pro- 

fundus V nerve. A similar fact has been recorded by Coghill (’16) 

in Amblystoma and by Landacre (’12) in Lepidosteus, where in 

early stages of the formation of the ganglion of the ophthalmicus 

profundus V there is a distinct anchorage to the ectoderm over 

the eye. The former made the interesting observation that it 

was during this period, in which the anchorage is intact, that root 

fibers make their connection with the brain. However, neither of 

the latter investigators satisfied himself as to the significance of 

this early contact. Coghill (16) also found in the earliest of 

his stages described, the ‘non-motile,’ an area of adhesion between 

the distal end of the gasserian ganglion and the skin. It is ven- 
tral to the primordium of the preauditory lateral-line organs and 

is not so extensive nor so intimate as the adhesion of the oph- 

thalmic ganglion and skin. 

2A note included in Landacre’s paper (’07) by C. J. Herrick on the distribution 

of the [IX nerve of Ameiurusmelas. The conclusions from this reference are found 

in Landacre’s paper (12), page 3. 
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In connection with the general cutaneous component of X, 

Coghill (16) finds in the ‘non-motile’ stage an intimate relation 

between an ectodermal thickening and a loose aggregation of 
cells upon the lateral aspect of the lateral-line ganglion of X. This 

cluster of cells, which he identifies as representing the jugular 

ganglion, is slightly more condensed in its most rostral portion 

where an incipient root is forming, which does not, however, at 

this stage reach the brain. 

Lateral-line primordia. Platt (96), Landacre (10), Coghill 

(’16), Goette (’14), and others have shown that a different system 

of placodes is concerned in the formation of the lateral-line gan- 

glia of VII, IX, and X. Not all of the investigators agree as to 
the exclusive derivation of these ganglia from placodes, for some 

have expressed the belief that neural crest also enters into their 

formation. 

The primordia of the lateral-line system have been shown very 

clearly by Platt (96), Landacre (’10), and Landacre and Conger 

(13) to have origins independent of the auditory vesicle. How- 

ever, anterior and posterior prolongations of the auditory thick- 

ening have been observed in many forms, and to these Landacre 
(10) applies the term of ‘preauditory and postauditory’ placodes. 

He does not have a clear idea as to the relation of these placodes 

to the sensory lines, for in the case of the preauditory placode 

(Landacre and Conger, ’13) it seemed to disappear by a process of 

degeneration before the appearance of the lateral-line primordia, 

and in the case of the postauditory placode (710) it loses the char- 
acteristic cell arrangement and does not give rise to the lateral- 

line organs. Moreover, in Lepidosteus Landacre and Conger 

(18) fail to find any postauditory placode. 
Although separate origins have been given to each of the groups 

of the lateral-line sense organs by various investigators, none 

have described such an early pattern of the lateral-line system 

as the one observed in Necturus. According to Platt (96, 

p. 491), the plan of this system is early laid down in three longitu- 

dinal lines on each side of the embryo, connected by intersegmen- — 

tal cross-lines with special differentiations at points of intersec- 

tion, and out of this pattern certain portions are retained in the 
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final system. However, when one compares this description with 

skin amounts of early stages of Amblystoma, another interpreta- 

tion seems to be more plausible. No such pattern can be found 

in Amblystoma embryos, but whenever the contour of underlying 

structures makes its appearance on the surface certain transitory 

thickenings appear due to mechanical molding, as one finds be- 

tween somites, gill swellings, around the early optic vesicles and 

the early limb bud. It seems possible, therefore, that most of 

the early pattern described in Necturus has no significance in the 

formation of the lateral-line system. 

Neural crest. It is generally accepted that portions of the 

cranial ganglia are derived from the neural crest; in fact, early 

investigators of cranial nerve problems made the crest cells their 

sole source of origin. Landacre (’10) would derive all general 

cutaneous ganglia and the general visceral system exclusively from 

neural crest. 

In view of the fact that there have appeared descriptions of 

extensive wanderings of neural crest, it seems strange that so 

little emphasis has been put upon such an outstanding feature. 

The literature contains comparatively few descriptions of any 

complete investigations of the growth of the neural crest outside 

of its supposed connection with the formation of cranial ganglia. 

In most of the descriptions of the early stages of developing 

cranial ganglia the assumption that the crest cells were concerned 

only with the formation of ganglia and nerves has been so general 

that many investigators have been led to overlook the fact that 

any further wandering of these elements occurs. However, 

various careers have been assigned to them by a few investigators. 

Marshall (’78), working on the chick, and van Wijhe (’82), on 

the selachians, were among the first to observe that the anterior 

part of the neural crest, which could not be identified with the 

formation of ganglia, gradually disappeared. They could not 

determine its final fate. Kastschenko (’88) went a step farther 

in suggesting that the cells which were lost from the neural crest 

did not degenerate, but added themselves to mesenchyme. Addi- 

tional descriptions of the neural crest then followed, by Gorono- 

witsch (’93) in birds and Platt (’96, ’97) in Necturus. Both 
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agreed that a greater part of the neural crest, augmented at the 

margin of the gill clefts by a proliferation from the lateral ecto- 

derm, becomes a wandering mass of ectodermal cells to which 

Platt gave the name ‘mesectoderm’ and that this wandering 

mass of ectodermal cells is the origin of certain mesenchymal 

tissue. It was Platt, however, who suggested that the branchial 

cartilages, surrounding connective tissue, and the anterior portions 

of the trabeculae were derived from the ‘mesectoderm.’ In re- 

spect to the branchial cartilages, this agrees with von Kuppfer 

(95) on Petromyzon, although he claims that the wandering ecto- 

dermal cells are derived from deeper layers of ectoderm in situ. 

Furthermore, Dohrn (’02), working on Torpedo, and Brauer 

(04), on the Gymnophiona, agree in the main with Platt’s 

description of the mode of formation of branchial cartilages, but 

they ascribe the sole origin of the cartilages to the neural crest. 

Recently Goette (’14) has discussed the formation and develop- 

ment of the ‘ectomesoderm,’ as he calls it, in Siredon (Amblys- 

toma tigrinum) which also illustrates what he finds in Petromy- 

zon and Torpedo. He confines the anlagen of the ‘ectomesoderm’ 

to the ectoderm in the regions of V, VII, IX, and X, which he 

claims forms visceral skeleton, the outer gill muscles, and the 

surrounding connective tissue. To the neural crest, epibranchial 

placodes, and lateral-line placodes belongs the function of the 

formation of the cranial ganglia and nerves. 
From this summary of the literature it is evident that there is 

much disagreement concerning the formation of cranial ganglia 

and the origin and further distribution of the wandering masses 

of cells of ectodermal origin. 
In the light of these facts, an investigation of this problem was 

suggested by Prof. R. G. Harrison on an animal, such as Amblys- 

toma punctatum, which would lend itself to an experimental 

analysis of all the factors involved. It gives me pleasure to 

express here my appreciation to Doctor Harrison for his kind 

criticisms and suggestions during its progress. 

Since the completion of the present investigation, there has 

appeared a paper by Landacre (’21) on the fate of the neural crest 

in Plethodon glutinosus, a urodele. In so far as the visceral 
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cartilages are concerned, the morphological findings in this paper 

correspond very closely to the observations recorded in the pres- 

ent study of Amblystoma. In Plethodon the manner of the 

migration and disposition of the neural crest upon the branchial 

arches is similar to that described by Platt (97). In addition to 

contributing to the ganglionic portions of V, VII, IX, and X, the 

neural crest is described as forming the greater portion of the 

mesenchyme in the ventral part of the head and in the branchial 

region, the anterior portions of the trabeculae, Meckel’s cartilage, 

the palatoquadrate bar, and all the branchial cartilages except 

the second basibranchial. 

MATERIAL, METHODS, AND NORMAL DEVELOPMENT 

All the experiments have been made upon embryos of Amblys- 

toma punctatum in stages ranging from 21 to 27 as shown in 

figures 1 to 4. The technique employed in the operation is 

similar to that already described by Harrison (’18). The special 

types of operation employed in this investigation will be subse- 

quently described under separate sections. 

In order that the experiments may be more clearly interpreted, 

a description of the stages in the normal development of the 

neural crest and of certain placodes will first be given. This 

description was obtained chiefly from a series of dissections sup- 

ported in the more minute details by serial sections. In order to 

accomplish the dissections, embryos which had been preserved in 

the ordinary corrosive sublimate acetic mixture were placed in a 

5 per cent aqueous solution of nitric acid, where they were kept 

from twelve to twenty-four hours for the purpose of softening the 

brittle ectoderm and at the same time rendering it pliable. They 

were then placed under the binocular microscope, and by means 

of a small pair of operating scissors and suitable needles a con- 

tinuous incision was made up the middorsal line and down the 

midventral line. The two halves of ectoderm were carefully 

removed, stained lightly with haematoxylin, cleared in the usual 

manner, and mounted in damar on glass slides. After such 

treatment the positions of ectodermal thickenings can be observed 
accurately. 
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The dissected embryos were in some cases preserved in glycerin 

after they had been stained with haematoxylin. However, the 

neural crest may be more satisfactorily observed unstained in 

water or alcohol, because its grayish-brown color sufficiently 

differentiates it from the surrounding tissue up to a certain stage 

as will be described later. 

Although the picture of the crest cells and placodes is approxi- 
mately constant for each stage, occasionally normal embryos 

whose external appearances indicate similar age disclose upon dis- 

section noticeable differences in the early rate of growth of the 

crest cells or placodes. This difference may even be confined to 
the same individual where, for example, the advance of the trunk 

lateral-line primordia of the one side lags conspicuously behind 

the primordia of the other side for a distance of one or two 
somites. 

Stage 21 

Neural crest. A layer of neural crest, light brown in color, over 

the dorsal and dorsolateral portions of the medullary tube extends 

from a point above the eye to a point above the posterior border 

of the second somite (fig. 1) where it is continuous with the crest 

cells in the spinal region. Ventrally there are two distinct 

proliferations separated by a constriction lying approximately 

midway between the two ends. The more anterior proliferation 

becomes the band which later wraps around the mesoderm of 
the hyoid arch. 

Where the dorsal margin of the mesoderm of the branchial 

region meets the lateral surface of the medullary tube there is 

a trough-like depression, filled in by a deep longitudinal ridge of 

ectoderm extending from above the primitive hyomandibular 

cleft to near the first somite, where it becomes continuous with 
less marked ridges over the somites. This is represented by 

dotted lines in the figure. 

Figure 13 is a frontal section passing through the longitudinal 

ectodermal ridge and the anterior and posterior extremities of 

the layer of neural crest. The considerable thickness of the 

ectodermal ridge can be seen on either side in the region of the 
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hind-brain. A cap of crest cells, whose base extends as a wedge 

between the fused neural folds, lies in the region of the mid-brain. 

These cells are represented by well-formed nuclei surrounded by 

a pigmented cytoplasm in which lie fine, closely packed yolk 

eranules which are similar in size to those of the neural canal. 

The mass of cells lies close to the ectoderm and extends laterally 

a short distance over the walls of the mid-brain. Over the region 

of the hind-brain a similar small cap can be seen lying in the 

same relation to the ectoderm and brain, except that its base does 

not appear in this plane of section to be wedged between the 

fused folds. 

Placodes. Figure 1 shows an area over the dorsal border of the 

eye, which represents the position of a very slight thickening of 

the ectoderm where cells are given off later to the ophthalmic 

ganglion. It may be said here that throughout the different stages 

studied, this ectodermal thickening never acquires a thickness 

comparable to that of other placodes. Many times in the dis- 

sections the area was thinner than the surrounding ectoderm 

because of the fact that its cells adhered to the loose ganglionic 

mass of cells forming the ophthalmic ganglion. This thickening 

may be called the ophthalmic placode. 
Below the anterior extremity of the longitudinal ridge les a 

small ectodermal thickening in the dorsal extremity of the hyo- 

mandibular cleft, which can be detected at this stage. This 

small ectodermal thickening takes on the contour of the cleft 

at this point, giving it approximately a crescent shape. In the 

position of the anterior portion of this thickening there later 

arises the primordium of the infra-orbital group of lateral-line 

sense organs, while in the position of the posterior portion there 

later arises the hyomandibular group. 

Stage 23 

Neural crest. This stage shows a decided ventral growth of the 

neural crest over the lateral walls of the brain (fig. 2). Above 

and posterior to the dorsal border of the eye an extensive pro- 

liferation has taken piace, carrying the neural crest downward 

toward the primitive mandibular arch. Figure 14 shows above 
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ABBREVIATIONS 

alv., alveolaris VII nerve 
an., angular group of sense organs 

au., ear 
buc., ramus buccalis VII 

br., brain 

bv., blood vessel 

c. c., neural-crest cells 

ch., notochord 

chy., ceratohyal 
dl., dorsal body line of sense organs 

€., eye 
ect., ectoderm 

epi. VII., epibranchial vlacode of VII 

epi. 1X., epibranchial placode of IX 

epi. X., epibranchial placode of X 

ex. g., external gill 
gas. g., gasserian ganglion 

gas. pl., gasserian placode 

jg., jugularis VII nerve 

hh., hyohyal 

hm., hyomandibular group of sense 

organs 
hmd. th., ectodermal thickening in 

dorsal hyomandibular cleft 

hy. a., mesoderm of hyoid arch 

hy. ce., hyoid crest-cell group 

hy. m., hyoid muscles 

io., infra-orbital group of sense organs 

l.e.t., longitudinal ectodermal thicken- 

ing 

mb., mandible 

md., mandibular group of sense organs 

md. a., mesoderm of the mandibular 

arch 

md. cc., mandibular group of crest 

cells 

md. m., mandibular muscle 

md. V., truncus mandibularis V 

ment., mentalis VII nerve 

m.1., midbody line of sense organs 

ms., mesoderm 

na., nose 
0., occipital group of sense organs 

op. v., optic vesicle 

oph. g., ophthalmic ganglion 

oph. pl., ophthalmic placode 
oph. p. V., ophthalmicus profundus 

V nerve 
ph., pharynx 

pl., palatinus VII nerve 

q., quadrate 

s., somite 

so., Supra-orbital group of sense organs 

sup. VII, ramus ophthalmicus super- 

ficialis VII 

th. m., thoracicohyoideus muscle 

imp. m., temporalis muscle 

tr., trabecula 

v. hm., ventral hyomandibular group 

of sense organs 

vl., ventral body line of sense organs 

1-2 bb., first and second basibranchial 

1 bb. cc., first basibranchial crest- 

cell group 

1-4 br. a., mesoderm of first to fourth 

brancbial arches 

1-4 br. cc., first to fourth branchial 

crest-cell groups 

1-2 cbr., first and second ceratobran- 

chial 
1-4 ebr., first to fourth epibranchial 

1 s., first somite ; 

1 int. r., first intersomitic ridge 

VII g., facial ganglion 

VII lL. g., facial lateral-line ganglion 

VII pl., facial lateral-line placode 

IX lg., glossopharyngeus lateral-line 

ganglion 

IX pl., glossopharyngeus lateral-line 

placode 

IX vis. g., glossopharyngeus visceral 

ganglion 

X lg., vagus lateral-line ganglion 

X pl., vagus lateral-line placode 

X vis. g., vagus visceral ganglion 

X vis. t., vagus visceral trunk 
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Figs. 1 to 8 Camera-lucida drawings of stages 21, 23, 25, 26-27, 30, 33, 39, 

and 35+ of embryos of Amblystoma punctatum, showing development of neural 

crest, ectodermal placodes, and primordia of lateral-line sense organs. N eural 

crest is stippled and placodes and primordia are solid black. X 10. For ab- 

breviations see page 430. 
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Figs. 9 and 10 Camera drawings of stages 36 and 37-38, showing further de- 

velopment of lateral-line primordia. X 10. 
Figs. 11 and 12 Camera drawings of lateral and ventral views, respectively, 

of stage 46+, showing final distribution of lateral-line groups of sense organs. 
The gills have been removed. X10. For abbreviations see page 430. 
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the longitudinal ectodermal ridge small portions of the neural 

crest descending upon the lateral walls of the hind-brain con- 

nected dorsally by a cap of cells still wedged tightly between the 

ectoderm and brain. 
Posterior to the mandibular arch are the two prolongations of 

the neural crest which appeared in stage 21. Approaching the 

15 

Fig. 13 Frontal section passing through longitudinal ectodermal ridge 

and anterior and posterior extremities of layer of neural crest in stage 21, showing 

origin of crest cells from dorsal and median portions of neuralfolds. X 37. 

Fig. 14 Cross-section passing through longitudinal ectodermal ridge and 

ectodermal thickening in dorsal portion of hyomandibular cleft in stage 23, 

showing neural crest over dorsal portion of neural tube and portions of neural 
crest descending to lateral walls of neural tube. X 37. 

Fig. 15 Cross-section through upper half of optic vesicles in stage 25, showing 

crest cells descending along sides of neural tube and over mesoderm of mandibular 

arches and over anterior portion of right optic vesicle. X 37. 

first somite is an additional proliferation which later covers the 
mesoderm of the second, third, and fourth branchial arches. 

In this stage the neural crest has extended posteriorly (fig. 2) 

to a position above the anterior half of the fourth somite. 

Placodes. ‘The ophthalmic placode lies in relatively the same 

position as in stage 21. Its indefinite borders outline a slightly 
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thickened portion of the ectoderm which is in close contact with 

the crest cells at its posterior border. The longitudinal ectoder- 

mal ridge (fig. 2) is still prominent, but extends slightly more an- 
teriorly and less posteriorly than in the previous stage. The 

thickening in the dorsal portion of the hyomandibular cleft is 

slightly larger, but still remains crescentic in shape (fig. 14). 
The approximate positions of two placodes, anterior and posterior 

to the probable position of the auditory placode, are indicated by 

dotted lines. That which lies just anterior to the auditory 
placode gives rise to part of the lateral-line ganglion of VII. 

That which lies posterior to the auditory placode gives rise to 

part of the lateral-line ganglion of X. The positions of other 

placodes cannot be exactly located in sections of this stage by 

the appearance of any ectodermal thickenings. 

Stage 25 

Neural crest. A further very rapid ventral growth of the 

neural crest has taken place, the most pronounced proliferation 

involving those cells which are in the region over the dorsal 

border of the eye (fig. 3). The upper portion of the mandibular 

arch as far as the middle of the posterior border of the eye is 

covered by the neural crest. A growth of the neural crest passes 

over the dorsal border of the eye. <A section passing through 

the upper half of the optic vesicles (fig. 15) shows on one side 

along the anterior border of the latter a transection of the ven- 

tral proliferation of the crest cells lying close to the ectoderm. 

Posterior to the optic vesicles on either side may be seen the 

descending crest cells loosely packed together, wrapping around 

the anterior and lateral surfaces of the mesoderm of the mandib- 

ular arch. Over the dorsal border of the hind-brain region lies 

a thin layer of crest cells which is continued upon the lateral walls 

as a more compact band of cells. This group of crest cells de- 

scends along the anterior border of the auditory placode to the 

mesoderm of the hyoid arch. A distinct though more slender 

band of crest cells along the posterior border of the auditory 
placode approaches the mesoderm of the first branchial arch, 

extending as far ventrally as the anterior band. Still further 
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posteriorly, a somewhat broader proliferation, covering the an- 

terior border of the first somite, descends ventrally on the gill 

mesoderm to the level of the crest cells on the first branchial 

arch. The neural crest continues posteriorly above the dorsal 

border of the somites along the dorsolateral border of the neural 

canal to a position in the middorsal line above the middle of the 

third somite. 

Placodes. The longitudinal ectodermal ridge has disappeared 

at this stage, due to the rapidly descending neural crest and the 

growth of the visceral arches. The extent of the area of the 

ophthalmic placode is about the same as in stage 23. The 

thickening in the dorsal portion of the hyomandibular cleft has 

changed but little in size. A placode approximately triangular 

in shape, situated anterior to the auditory placode, can be seen 

rapidly approaching the hyomandibular cleft from above. This 

is the placode which gives rise to a large part of the lateral-line 

ganglion of VII by contributing large numbers of placodal cells 

from its posterior extremity (fig. 16). The epibranchial placode 

of VII, judging from its position in subsequent stages, is probably 

situated just below the posterior border of this placode. This 

probable position is circumscribed by dotted line in figure 8. On 

the posterodorsal border of the hyomandibular cleft is a slight 

thickening of the ectoderm, which is identified as the epibranchial 

placode of IX. However, no placodal cells are splitting off from 

the ectodermal thickening to form a ganglion (fig. 16). In the 

dorsal portion of the first branchial cleft there is a small thicken- 

ing of the ectoderm, which is possibly the position of an epi- 

branchial placode, which gives rise to part of the sensory visceral 

ganglion of X, although no cells are splitting off at this stage. 

The possible position of the other epibranchial placode of X is 

also circumscribed by dotted line in the figure. Posterior to the 

auditory placode and anterior to the first somite, a slight thick- 

ening in the ectoderm is identified as the placode which gives rise 

to most of the vagus lateral-line ganglion. 
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Stage 26-27 

Neural crest. In the description of the following stages, the 

descending bands of neural crest will be designated by the vis- 

ceral arches upon which they lie. 

16 

Fig. 16 Frontal section, showing in stage 25 crest cells over dorsal portion of 

right optic vesicle and over mesoderm of hyoid and branchial arches. Also shows 

positions of VII lateral-line placode and epibranchial placodes of IX and X. 

Kar 
f@ Fig. 17 Frontal section, showing crest cells migrating over mesoderm of 

hyoid and branchial arches and above optic vesicles in stage 26-27. Also shows 
positions and relative thickness of VII and X lateral-line placodes and epibran- 

chial placodes of IX and X. XX 37. 
Fig. 18 Frontal section, showing ophthalmic placode on right side lying 

close to anterior portion of neural crest migrating upon mesoderm of mandibular 

arch in stage 26-27. X 37. 

Further rapid growth of neural crest has taken place ventrally, 

accompanied by a thinning out of the crest cells over the mid- 

dorsal portion of the brain (fig. 4). The anterior border of the 

eye is traversed as far as the dorsal border of the nasal placode 

by a narrow strip of loosely arranged cells. ‘The mesoderm of the 
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mandibular arch is covered by crest cells to a level below the 

ventral border of the eye. Sections show that the crest cells are 

beginning to wrap around the mesoderm of the arch—a condition 

which can be seen more clearly in stage 30. The hyoid and first 

branchial crest-cell groups have extended farther ventrally to 

about the same level. The hyoid group (fig. 17) is quite thick 

and packed tightly against the arch. The first branchial group 

is more slender and curves slightly toward the hyoid arch. The 

remaining portion of the branchial mesoderm is being covered 

by a band of the neural crest which is slightly constricted at its 

union with the neural crest above. The posterior extension of 

the neural crest is diminished as its cells migrate toward the gill 

region, the extremity reaching only to a point above the posterior 

border of the second somite. It is from this posterior portion 
above the first three somites that the crest cells of the second, 

third, and fourth branchial arches have their source. 
Placodes. Over the dorsal border of the eye the ophthalmic 

placode is a long narrow thickening which gives the appearance of 

having a broad contact with the loose neural crest against which 

it lies (fig. 18). The triangular placode anterior to the auditory 

placode approaches more closely the dorsal border of the crescent- 

shaped thickening above the hyomandibular cleft (fig. 4). The 

posterior margin of the placode of the lateral-line ganglion of VII 

is giving off a large number of cells which approach the neural 
crest lying along the anterior border of the auditory placode. 

The epibranchial placode of VII is situated immediately below 

and anterior to this cell proliferation as a very slight ectodermal 

thickening lying close to the lower border of the lateral-line 

placode. The epibranchial placode of IX lies in a level some- 

what dorsal to its position in stage 25. On its inner surface loose 

cells containing mitotic figures lie closely against the crest cells 

descending on the anterodorsal margin of the first branchial arch, 

indicating that placodal cells are being given off to form a gan- 

glion (fig. 17). Posterior to the placode which lies in the upper 

extremity of the first branchial cleft a somewhat elongated area 

of the ectoderm is slightly thickened. It is very probable, judg- 

ing from the study of older stages, that these placodes are the 
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epibranchial placodes which contribute placodal cells to form the 
visceral sensory ganglion of X. The placode of the vagus lateral- 

line ganglion and of the midbody line is situated posterior to its 

former position and lies across the anterior border of the first 

somite above the neural crest of the second, third, and fourth 

branchial arches (fig. 17). In the ectodermal intersegment of the 

first and second somites is a prominent thickening, which later 

is the position of the placode which gives rise to the dorsal 

body line of sense organs and a portion of the vagus lateral- 

line ganglion. 

Stage 30 

Neural crest. This stage shows the rapid descent the neural 

crest has made in its progression ventrally. No longer are the 

crest cells from both sides continuous over the dorsal border of 

the brain (fig. 5). The crest cells over the mesoderm of the man- 

dibular arch and over the dorsal and anterior borders of the eye 

have broken all connection with those of the hyoid arch. The 

maxillary and mandibular processes of the mandibular arch have 
become covered with crest cells. The manner in which the meso- 

derm of the visceral arches is becoming completely surrounded 

by a layer of crest cells two to three cells thick is shown in figure 

19. The mesoderm of the mandibular and hyoid arches is com- 

pletely surrounded by the crest cells, while the first branchial arch 

is enclosed around its anterolateral and posterior borders. The 

crest cells over the anterior border of the eye now extend as a 

narrow band to the dorsal border of the nasal placode. A few 

scattered crest cells are found along the dorsal border of the 

auditory vesicle which are continuous with crest cells lying on 

its anterior and posterior borders. A few crest cells come to 
lie below the ventral border of the auditory vesicle, due to the 
rapid ventral shifting of crest cells from above. The crest cells 

from the anterior border of the auditory vesicle continue with 

those of the hyoid arch, which have descended ventrally farther 

than the crest cells of the first branchial group. The dorsal 

region of the crest cells lying posterior to the auditory vesicle 

consists of loosely arranged cells which extend to the middle of 
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the first somite. All of the crest cells are then confined to the 

broad band which now descends over the mesoderm of the 
second, third, and fourth branchial arches. 

Placodes. ‘The ophthalmic placode is still an elongated thick- 

ening (fig. 20), in which may be seen mitotic figures. Its pos- 

terior border is in close contact with the neural crest. It gives 
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Fig. 19 Cross-section, showing in stage 30 the manner in which crest cells 

are completely surrounding mesoderm of hyoid and mandibular arches. Also 

shows ectodermal thickening in dorsal portion of hyobranchial cleft containing 

epibranchial placode of IX. X 37. 

Fig. 20 Frontal section of elongated ophthalmic placode in stage 30. X 37. 

Fig. 21 Frontal section of stage 30, showing point of contact of gasserian 

ganglion near its distal end with a small ectodermal thickening at anterior 

extremity of VII lateral-line placode. X 37. 

Fig. 22 Frontal section, showing in stage 28 a small ectodermal thickening 

(gasserian placode) slightly below the anterior extremity of VII lateral-line plac- 

ode. X 37. 

the appearance of contributing placodal cells to the ophthalmic 

ganglion. 

Near the anterior extremity of the elongated placode of VII 

there is a slight thickening in the ectoderm. A few loose cells 

are connected with the inner side of the thickening (fig. 21). 

This area may be a small placode concerned with the gasserian 

portion of V. The only similar area in stages earlier than this 
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can be found in stage 28. There is a slight thickening in the 

ectoderm in front of and slightly below the anterior extremity of 
the VII placode (fig. 22). The placode of the lateral-line ganglion 

of VII has extended to the dorsal border of this placode, with 

which it fuses near the dorsal portion of the hyomandibular cleft. 

_be 

Fig. 23 Cross-section, showing in stage 30 the epibranchial placode of VII 
lying below lateral-line placode of VII and also crest cells descending over mandib- 

ular arch and dorsal portion of optic vesicles. X 37. 

Fig. 24 Frontal section through lower portions of mesoderm of mandibular, 

hyoid, first and second branchial arches in stage 33, showing manner in which 

arches are being completely surrounded by crest cells. X 37. 

Fig. 25 Frontal section, showing in stage 33 broad contact of ophthalmic 

ganglion with ectoderm.  X 37. 

Fig. 26 Frontal section, showing in stage 33 contact of distal portion of 

gasserian ganglion with an ectodermal thickening at anteroventral margin of 

supra-orbital primordium. X 37. 

The posterior extremity of the Vil lateral-line placode is con- 
tributing cells to a mass lying close upon the anterior border of 

the auditory vesicle. Many mitotic figures can be seen in this 

portion where the cells are separating from the placode. Above 

the point of fusion of the placode of VII with the placode near 

the dorsal portion of the hyomandibular cleft, the ectodermal 

thickening becomes broadened in the anterodorsal direction 
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(fig. 5). In the lower portion of the hyomandibular cleft, on a 

level with the ventral border of the optic vesicle, appears an 
elongated ectodermal thickening, where later primordia of the 

ventral hyomandibular and mandibular groups of lateral-line 
sense organs appear. 

The epibranchial placode of VII can be seen as a small ecto- 

dermal thickening somewhat deeper than in stage 26-27, lying 

on the upper anterior border of the hyoid arch just below the 

lateral-line ganglion placode of VII (fig. 23). The epibranchial 

placode of IX appears in approximately the same position as in 

the previous stage and is preparing to give off a mass of cells 

(fig. 19). The vagus lateral-line placode has begun to give off 

a large mass of cells which comes in contact with a thin layer of 

the neural crest. Above the dorsal extremity of the first bran- 
chial cleft is the small epibranchial placode which is a visceral 

sensory placode of the vagus. In the region below the lateral- 

line ganglion placode of the vagus the ectoderm is somewhat 

thickened and represents the posterior portion of the visceral 

sensory placode of the vagus. In the intersegment of the first 
and second somites, the prominent ectodermal thickening appears 

somewhat larger than in stage 26-27. 

Stage 33 

Neural crest. The rapidly diminishing area of neural crest in 

the region over the dorsal portion of the eye is seen in this stage 

(fig. 6). The crest cells have passed farther behind the nasal 

placode on its posterior border where they join, along the ventral 

border of the optic vesicle, those which surround the maxillary 
process. The crest cells over the dorsal border of the hyoid 

arch are continuous with a broad area of crest cells which lie 

upon the anterior and ventral borders of the auditory vesicle. 
The mesoderm of the hyoid and first branchial arches is covered 

by crest cells which have now extended to the ventral borders of 

these arches. The crest cells lying above the remainder of the 

branchial region have diminished in number and now lie in a 

thin layer. The neural crest can no longer be found over the 

dorsal border of the auditory vesicle. The broad sheet of crest 
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cells which appeared in stage 30 over the posterior two-thirds of 

the branchial region has now split into two bands, the anterior 

of which is covering the second branchial arch, while the posterior 

shorter band lies on the mesoderm of the third and fourth bran- 

chial arches. 

In the lower portion of the visceral arches (fig. 24) the meso- 

derm of the mandibular, the hyoid, and the first and second 

branchial arches can be seen on either side entirely surrounded 

by neural crest. The third branchial arch which appears in 
more dorsal sections is likewise entirely surrounded by neural 

crest. As the sections are followed ventrally, many mitotic 

figures can be seen in these rings of neural-crest cells, indicating 

a rapid increase in the number of cells as well as rapid migration. 

They have grown very abundant in their position around the 

visceral arches, especially so around the anterior portion of the 

mandibular arch where they are continuous ventrally in front 

of and behind the stomadaeum upon the maxillary and man- 

dibular processes. 

Placodes. The ophthalmic ganglion, at its anterior extremity, 

has a wide contact with the ectoderm (fig. 25). Mitotic figures 

appear on the ectodermal side of the contact throughout this and 

other sections. The extent of the contact is indicated in figure 6. 

The gasserian ganglion near its distal end has a definite contact, 

for about four sections, with the ectoderm at the anteroventral 

border of the VII lateral-line placode (fig. 26). This is possibly 

a placode for the gasserian ganglion. The actual contact is very 

brief and its history is difficult to follow. In later stages it is 

not possible to detect the placode. Many placodal cells forming 

the lateral-line ganglion of VII are splitting off from the posterior 

portion of the elongated placode which lies above the hyoid arch 

and hyomandibular cleft (fig. 6). The lower portion of the 

lateral-line ganglion, which is thus forming, consists of cells less 

compact at this stage. These later supply the hyomandibular 

division of the lateral-line component of VII. Where the VII 

lateral-line placode fuses with the placode in the dorsal portion 

of the hyomandibular cleft (fig. 6) the anterodorsal extension is 

larger than in stage 30. In the epibranchial placode of VII are 
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numerous mitotic figures showing a rapid development of placodal 

cells (fig. 27). It is difficult to mark off the upper portion of this 

placode because of its proximity to the ventral border of the loose 

cells of the lateral-line ganglion above. The primordium of the 

epi IK. 

Fig. 27 Frontal section, showing epibranchial placode of VII in stage 33 

proliferating a large mass of cells. 37. 

Fig.28 Frontal section, showing in stage 33 lateral-line ganglion and placode 

of VII, rounded epibranchial placode of [LX on left side and epibranchial placode 

of X on right anterior to X lateral-line placode in process of forming ganglion. 

xX 37. 
Fig. 29 Frontal section, showing at stage 33 lateral-line placode of IX pos- 

terior to auditory capsule. X 37. 
Fig. 30 Frontal section, showing at stage 35 crest cells surrounding meso- 

derm of mandibular, hyoid, first and second branchial arches and also increase 

in number of crest cells on median side of hyoid arch. X 37. 

29 

ventral hyomandibular line of sense organs in the lower portion 

of the hyomandibular cleft is somewhat elongated and deeper 

than in stage 30. The epibranchial placode of IX (fig. 28) is 

giving off a rounded mass of cells just above and slightly posterior 
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to the hyobranchial cleft. Above the epibranchial placode of IX 

there appears a small round thickening, possibly the IX lateral- 
line placode, in the ectoderm near the posteroventral border 
of the ear. It merges into thickened ectoderm which poste- 

riorly is identified as the epibranchial placodal region of X (fig. 

29). Above the first branchial cleft a placode is also giving off 

cells in large numbers which lie close to the neural crest. It 

is connected by loose cells which lie along the ventral border 

of the vagus lateral-line ganglion next to a thickened portion 

of the ectoderm (fig. 6). This entire mass of cells, including 

the placode in the dorsal portion of the first branchial cleft, 

is the placodal mass which gives rise to the visceral sensory 

ganglion of X. The anterior extremity of the elongated plac- 
ode over the posterodorsal border of the crest cells of the bran- 

chial region is splitting off a large mass. of placodal cells to 

form the vagus lateral-line ganglion (fig. 28). The placode in 

the intersegment of the first and second somites has increased 

somewhat in size. 
Stage 35 

Neural crest. The remains of neural crest over the dorsal 

portion of the eye exist only as a very narrow band of loose cells 

which are continuous anteriorly as far as the nasal placode, and 

posteriorly as far as the mandibular crest cells with which they 

are united (fig. 7). The posterior border of the nasal placode is 
covered by a group of crest cells continuous with the maxillary 

group, which in turn joins ventrally in front of the stomadaeum 

with the maxillary group of the opposite side. Only a few loose 
crest cells are still visible along the anterior border of the auditory 

vesicle. The crest cells extend to the ventral extremity of the 
mesoderm of the hyoid arch near the pericardium. Above the 

gill region and posterior to the auditory vesicle, a narrow longi- 

tudinal band of crest cells extends to near the posterior border of 
the first somite. Descending ventrally are bands of crest cells 

which supply each of the branchial arches. The recent splitting 

of the broad most posterior band of crest cells, which existed 
in stage 30 (fig. 6), is indicated by the ventral continuations of 

the crest-cell bands of the third and fourth branchial arches. 
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A few loose crest cells appear to join the ventral extremities of 

the second, third, and fourth branchial arches. 

A new feature in the rapidly migrating crest cells now appears. 

They begin to accumulate along the median side of the arches 

where many mitotic figures can be seen, especially in the lower 

halves of the latter. The typical condition is seen in the section 

on the median side of the hyoid arch. At this level the mandib- 

ular arch is not completely surrounded by crest cells on its 
anterior border as it is farther ventrally. If the sections are 

studied still farther ventrally, it can be seen that the crest cells 

are continuous across the ventral extremities of the mesoderm of 

the hyoid arches in front of the pericardium and across the ven- 
tral extremities of the mandibular and maxillary processes be- 

hind and in front of the stomadaeum. If the sections are studied 

farther dorsally, all the branchial arches show, along their ventral 

halves, the condition similar to that of the hyoid arch (fig. 30). 
Placodes. No longer is there any contact of the ophthalmic 

ganglion with the ectoderm, although its anterior end lies close 

to it. All traces of an ectodermal thickening in this region have 
disappeared, leaving the ectoderm the same thickness as before 

its appearance. 

The primordium of the supra-orbital line of sense organs now 

appears as a prominent ovoid placode whose anterior end is 

directed anterodorsally (fig. 7). Its posterior border is joined 
by the incipient ramus ophthalmicus superficialis VII, while its 

ventral border is connected with the ectodermal thickening in 

the dorsal portion of the hyomandibular cleft. Along the course 

of the anterior extremity of the ectodermal thickening, which 

was shown in stage 33, there now descends near the posterior 

border of the optic vesicle a well-defined primordium of the infra- 
orbital line of sense organs. Along the posterior extremity of 

the ectodermal thickening is the small primordium of the hyo- 

mandibular group of sense organs which is connected to the incip- 

ient ramus buccalis VII. 

The epibranchial placode of VII lies just posterior to the pri- 

mordium of the hyomandibular group of sense organs and upon 

the posterior portion of the hyomandibular cleft (fig. 7). It has 
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a broad contact with the distal end of the visceral sensory portion 
of VII extending dorsoventrally in the cleft. Many mitotic 

figures may be found at or near the point of contact, indicating 
that many placodal cells are still steadily being split off to form 
the ganglion. 

The lateral-line primordium in the lower portion of the hyo- 
mandibular cleft has increased in depth and at the same time has 

slightly lengthened. Its upper extremity lies along the posterior 

border of the anlage of the balancer (fig. 7). ; 

The epibranchial placode of [X lies in the same position and 

still has a narrow contact with the placodal cells of the visceral 

sensory ganglion of IX. Over the first and second branchial clefts 
the epibranchial placodes of X, now continuous as a single elon- 

gated placode, are contributing large numbers of cells splitting off 

en masse to the visceral sensory ganglion of X lying ventrally to 

the vagus lateral-line ganglion (fig. 31). 

Along the posterior border of the ear and slightly above the 
-epibranchial placode of IX appears another rounded placode, 

which is the primordium of the anterior portion of the occipital 

group of lateral-line sense organs. It is in close contact with the 

IX lateral-line ganglion (fig. 31). Posterior to this and above 

the first branchial cleft is another rounded placode, which is the 

primordium of the posterior portion of the occipital group of 

lateral-line sense organs. 

In the dorsal portion of the intersegmental ridge of the first 

and second somites is a rounded placode (fig. 7) connected by 

placodal cells from its anteroventral margin to the lateral-line 

ganglion of X, indicated by dotted line. This is the primordium 

of the dorsal body line of lateral-line sense organs. On a level 

with its ventral border an elongated club-shaped placode ex- 

tends from the anterior border of the second somite to near the 

posterior border of the third somite. This is the primordium of 

the midbody line of sense organs and is connected by a small 

strand of cells at its anterior border to the posterior border of the 

lateral-line ganglion of X. Just below the anterior extremity 

of the primordium of the midbody line is a small rounded placode 

lying close to the posterior extremity of the lateral-line ganglion 
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near the dorsal extremity of the fourth branchial arch. This is 
the primordium of the ventral body line of sense organs. It is 

connected by a few placodal cells from its dorsal border to the 

vagus lateral-line ganglion. 

32 

Fig. 31 Frontal section, showing at stage 35 the IX lateral-line ganglion 

and placode anterior to epibranchial placode of X. Farther posteriorly is mid- 

body-line primordium. X_ 37. 
Fig. 32 Frontal section, showing at stage 36 aggregation of crest cells on 

median surfaces of mesoderm of hyoid, first and second branchial arches. 

X 37. 

It is at this stage in the developing embryo that all of the pri- 

mordia of the lateral-line groups of sense organs are laid down in 

visible form in the ectoderm. 
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Stage 35+ 

Neural crest. With the exception of a more compact arrange- 

ment in the branchial and hyoid regions, there is but little change 

in the neural crest over the mesoderm of the branchial and hyoid 

arches (fig. 8). No crest cells are found over the dorsal and 
anterior borders of the auditory vesicle. Above the branchial 

arches and posterior to the auditory vesicle loose crest cells lie 

in the same relation to the branchial bands as in stage 35. In the 

mandibular region there has been but little change in the relation 

of the crest cells except for a steady decrease in the number of 

cells dorsal to the eye. Beyond this stage the neural-crest ar- 

rangement is obscured by the lack of color differentiation, by the 

further migration of crest cells to the median sides of the meso- 

derm of the arches and by the rapid growth of the external gills, 

so that further knowledge of crest-cell arrangement cannot be 

gained by dissection. ‘The manner in which the crest cells as- 

sume their positions around the arches may be more clearly shown 

in the description of the process which takes place in stage 36. 

Placodes. The primordia of the supra- and infra-orbital 
lateral-line sense organs, from their point of fusion posterior to 

the eye, curve over the dorsal and posterior borders of the eye, 
respectively, as narrow, consolidated, rod-shaped thickenings in 

the ectoderm (fig. 8). The supra-orbital primordium, when 

compared with its appearance in stage 35 (fig. 7), shows a more 

decided change in its shape than does the infra-orbital primor- 
dium. Posterior to their point of juncture, the primordium of the 

hyomandibular lateral-line sense organs extends ventrally along 

the upper portion of the hyomandibular cleft as a short rod similar 

in character to that of the supra- and infra-orbital primordia. 

The primordium of the ventral hyomandibular group of lateral- 

line sense organs now extends farther ventrally from the posterior 

border of the base of the balancer in the lower portion of the 

hyomandibular cleft and its rod-shaped placode has somewhat 

increased in depth. In addition to the primordia shown in the 

previous stage (fig. 7), there is now a primordium of the mandib- 

ular group of lateral-line sense organs extending as a short 

ectodermal thickening along the ventral border of the base of 
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the balancer fused with the dorsal extremity of the ventral 

hyomandibular primordium. ~ 

The epibranchial placode of VII still persists in contact with 

the visceral sensory ganglion of VII where many mitotic figures 

can be seen. The epibranchial placodes of IX and X still persist 

and a few cells appear to be splitting off to the visceral sensory 

ganglia. 

The two primordia of the occipital group of lateral-line sense 

organs have increased in size and their close contact to the IX 

and X lateral-line ganglia gives them the appearance of contrib- 

uting cells to those ganglia. The primordium of the dorsal 

body line of sense organs now appears as an elongated placode 

extending posterodorsally from the middle of the second somite 

to the middle of the third somite, connected at its anterior end 

by a slender lateral-line nerve to the posterior extremity of the 

vagus lateral-line ganglion whose position is indicated by dotted 

line. The midbody lateral-line placode is an elongated club- 

shaped structure extending from the middle of the fourth somite 

to the posterior border of the seventh somite. It is connected 

from its anterior border by a slender lateral-line nerve to the 

vagus lateral-line ganglion in common with the lateral-line nerve 

of the dorsal body line. The ventral body line is represented by 

a small ovoid placode which lies on the posterior border of the 

fourth branchial arch. It is connected dorsally to the posterior 
portion of the vagus lateral-line ganglion by a small lateral-line 

nerve. 

Stage 36 

Neural crest. Since stage 35, there has been a more rapid 

migration of the crest cells to the median border of the arches 

where they accumulate in large numbers (fig. 32). As one studies 

the sections farther ventrally, this becomes more apparent, and 
it can be seen that the process is carried on at the expense of the 

crest cells on the lateral, anterior, and posterior borders of the 
arches where they lie in a thin layer, or where, in the case of the 

lateral borders, they are occasionally entirely lacking. Within 

the aggregation of crest cells on the median borders of the arches 
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may be seen many mitotic figures indicating that there still is a 

rapid increase in the number of cells as well as a migration. Up 

to this point the crest cells have shown characteristic fine yolk 

granules in their cytoplasm which was an aid in differentiating 

them from the surrounding tissue. Now the yolk granules have 

become very small or have been largely absorbed within the crest- 

cell aggregations. In many places the mesoderm of the branchial 

Figs. 33 and 34. Frontal sections, showing at stage 36 and 37-38, respectively, 

large numbers of crest cells at median and posterior borders of mesoderm of man- 

dibular arch and fusion in the midline of crest cells of hyoid and first branchial 

groups to form the first basibranchium. X 37. 

arches is being hollowed out by the formation of developing blood 

vessels. 

If the sections are followed ventrally it can be seen that the 

crest cells of the hyoid arches unite in the midventral line in front 

of the pericardium. The first branchial group, after it has united 

with the second branchial group (fig. 33), joins the crest cells of 

the first branchial group and from the opposite side attempts 

farther ventrally to continue with the posterior border of the 

fusion of the hyoid crest cells. The third and fourth branchial 

crest-cell groups have not yet joined at their ventral extremities. 
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As one studies the ventral portions of the mandibular and maxil- 

lary processes, it is evident that there is an abundance of crest 

cells, especially around the former (fig. 33). 
Placodes. The supra-orbital primordium now extends as far 

ventrally as the dorsal border of the olfactory organ (fig. 9), 

while the infra-orbital descends to the posterior border of the 

olfactory organ. The hyomandibular primordium has now joined 

the dorsal extremity of the ventral hyomandibular primordium 

posterior to the balancer. The mandibular primordium extends 

anteroventrally, then mesially to the region of the lower jaw. 

The ventral hyomandibular primordium extends farther ven- 

trally, then mesially where it begins to take an anterior direction 

upon the ventral surface of the lower jaw. Posterior to the 

auditory vesicle, four separate placodes now mark the positions 

of the primordia of the occipital group of lateral-line sense organs. 

The two anterior placodes of this group lie close to the posterior 

border of the ear, while the two posterior lie above the base of 

the third external gill; the more ventral of the latter is much 

elongated in the anteroposterior direction. 

The dorsal body-line primordium has extended .as far as the 

seventh somite, followed by a thin lateral-line nerve upon which 

the anlagen of two sense organs have appeared. The primordium 

of the midbody line is a very much elongated placode which 

extends over about seven and one-half somites as far as the 

sixteenth somite. Along its lateral-line nerve appear the anlagen 

of five sense organs. ‘The ventral body line can be seen descend- 

ing behind the external gills anterior to the limb region connected 

by a slender lateral-line nerve. 

The epibranchial placode of VII still has a slight contact with 

the distal end of the visceral portion of VII. No other epibran- 

chial placodes are found to be giving off cells to the ganglia at 

this stage. 

Stage 37-38 

Neural crest. The aggregations of crest cells along the median 

borders of the visceral arches now show a more compact arrange- 
ment. So dense is the tissue that it appears to.be composed 
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mainly of nuclei with but little cytoplasm. The density increases 
as one studies the sections farther ventrally. The few yolk gran- 

ules which are present are similar in size to those of the smaller 

ones in the mesoderm of the arches and many mitotic figures 

ean still be seen among the crest cells. The fusion of the median 

ends of the first branchial groups with those of the hyoid in the 

midventral line furnishes an illustration of the more compact 
arrangement of the cells (fig. 34). 

As one follows the sections dorsally, the median ventral ex- 

tremities of the branchial groups on each side are seen to approach 

each other at successive levels. It is now quite obvious that the 
branchial groups have taken on the form of the early branchial 

cartilaginous skeleton. The dorsal extremities of the branchial 

groups are continuous with loose crest cells, which possibly 

linger behind to form connective tissue, although the rapid dif- 

ferentiation of the surrounding mesoderm prevents any accurate 

determination of this. Contiguous to the neural-crest aggrega- 

tions the blood-vessel spaces can be seen permeating the meso- 

derm of the arches, the circulation of blood in the mesoderm of 

the arches having been established in stage 36-37. The crest 

cells are more loosely arranged around the periphery of the 

mandibular arch—a possible indication that they are giving rise 
to connective tissue. Over the maxillary process the crest cells 

are followed with great difficulty owing to the fact that in front 
of, as well as behind the stomadaeum there are many loose mesen- 

chyme cells. The crest cells have already made their way into 

the balancer, as has been shown by Harrison (’21). 

Placodes. Since the epibranchial placodes no longer appear in 

the ectoderm, further description of the placodes will be confined 

to the primordia of the lateral-line system (fig. 10). The supra- and 

infra-orbital primordia extend farther ventrally, passing respec- 

tively, around the anterior and posterior borders of the nasal organ. 

They then pass medially in anticipation of the formation of the 

sense organs on the upper jaw around the external nares. The 

hyomandibular primordium has increased slightly in length and 

passes to near the posteroventral border of the balancer. The 

mandibular arid ventral hyomandibular primordia have extended 
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further medially than in the previous stage described. The 

occipital group is still represented by four primordia, which are 

becoming elongated as they approach each other. The dorsal 

body line has progressed posteriorly as far as the twelfth somite, 

along the path of which have appeared the anlagen of a varying 

number of sense organs. The midbody line has progressed 

caudally as far as the twenty-seventh somite. As it reaches a 

point just above the anal region it curves dorsally a short dis- 

tance, then caudally where it travels along the upper border of 

the somites of the tail. Along its course have developed many 

anlagen of sense organs. The ventral body line has descended 

behind the external gills anterior to the limb region to the ventral 

border of the mesoderm of the limb bud where it begins to bend 

caudally. 

Stage 39 

Neural crest. Since the previous stage the aggregations of 

neural crest have become still more compact (fig. 35) and may now 

be regarded as the procartilage of the visceral skeleton. Only a 
few crest cells can be identified outside of the procartilage region, 

although, as has already been suggested, many of the loose cells 

around the maxillary and mandibular groups may be of crest-cell 

origin and may be forming connective tissue. The procartilage 

still contains many small yolk granules and also many mitotic 

figures. The position of the mesoderm of the branchial arches 

is now occupied by blood vessels and anlagen of branchial muscles, 

while in the position of the mandibular and hyoid mesoderm are 

the anlagen of mandibular and hyoid muscles. 

Stage 42 

Neural crest. In stages 40-41, of which no sections have been 

figured, the only perceptible changes in the procartilage are the 

gradual disappearance of yolk granules, the decrease in the 

number of mitotic figures, and the steady increase in the density 

of the cellular arrangement. In stage 42 true cartilage is laid 

down as well-defined, solid bars in the positions formerly occupied 

by the procartilage (fig. 36). The yolk granules have entirely 

disappeared from the branchial cartilages. 
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A study of the early branchial skeleton up to this stage shows 

conclusively that so far the cartilages have their origin in the 

neural crest. However, in the case of the second basibranchial, 
which is the last cartilage of the visceral skeleton to appear, stage 

42 shows more convincingly than any of the previous stages that 

this cartilage is of mesodermal origin. The caudal extremity of 

Fig. 35 Frontal section through mesoderm of visceral arches at stage 39, 

showing positions of their procartilages. X 37. 
Fig. 36 Frontal section through the cartilages of the arches at stage 42 when 

true cartilage is laid down, showing the same positions of the cartilages occupied 

by aggregations of crest cells. > 37. 

the first basibranchial is attached to mesoderm which continues 

ventrally toward the pharynx. Out of this mesoderm along the 

anterior part of the pericardial chamber is formed the second 

basibranchial. Its distal half lies ventral to the level of the other 

cartilages. The mesoderm continuous with its distal extremity 

is the anlage of the thoracicohyoideus muscles, while the meso- 

derm continuous with its proximal or attached extremity is the 

anlage of the geniohyoid muscles. It has not developed cartilage 
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cells at this stage and its large characteristic mesodermal yolk 

granules (fig. 37), which are retained for a long time, make a 

sharp contrast with the other branchial cartilages, which now 

contain practically no yolk granules. 

Stage 46+ 

Lateral-line growps of sense organs. The subsequent growth of 

the lateral-line primordia is merely a matter of the development 

37 

Fig. 37 Frontal section at the level of first basibranchium, showing at stage 

42 formation of second basibranchium from mesoderm near anterior wall of peri- 

cardial chamber. X 250. 

of sense organs out of the ectodermal thickenings as they are laid 

down in stage 37-38 (fig. 10). 
The general distribution of the lateral-line sense organs has 

been described in a number of amphibians. Descriptive figures 

are shown by Kingsbury (’95) of the distribution of different 

groups of sense organs connected with the lateral-line system in 
eight groups of amphibians. However, two figures (figs. 11 and 12) 

have been included in this paper to show the groups of sense 
organs developed from the primordia of stage 37-38 as they are 
finally laid down in a 133-mm. larva of Amblystoma punctatum. 
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The groups of sense organs may be described in the following 

manner: 1) the supra-orbital, a grouv usually arranged in a double 

line passing dorsal to the eye then ventral to a region median to 

the external nares; 2) the infra-orbital, a group sometimes in a 

single, sometimes in a double row, passing ventral to the eye to a 

region on the upper jaw ventral to the external nares; 3) the occip- 

ital, an approximately triangular group of variously arranged 

organs with a short line of four or five sense organs extending 

caudally as far as the region above the third external gill; 4) the 

hyomandibular or postorbital, an irregularly arranged group, 

usually a double line associated with the infra-orbital passing 

caudally and ventrally from the latter to the ventral side of the 
head; 5) the mandibular, a single line of sense organs extending 

along the side of the lower jaw from the symphysis back to the 

ventral extremity of the hyomandibular group and giving off, 

at the angle of the jaw, a branch of two or three sense organs, 

sometimes called the angular group, extending dorsally to the 

infra-orbital line; 6) the ventral-hyomandibular group, a double 

line of sense organs on either side, beginning at the symphysis 

of the jaw passing median to the mandibular group to meet the 
latter at its posterior extremity, where it gives off a single line 

of seven or eight sense organs which passes directly mesially, but 

does not join with the corresponding branch of the opposite side; 

7) the midbody line, a single line of sense organs extending from.a 

region above the proximal end of the limb behind the external 

gills to the region above the level of the anus, where it bends up- 

ward to pass along the upper border of the somites to the end 

of the tail; 8) the dorsal body line, a single line of sense organs 

extending from behind the dorsal end of the third gill along the 

upper border of the somites, where it joins the midbody line in 

the region above the anus; 9) the ventral body line, a single line of 

sense organs curving around the ventral border of the fore limb 

and extending to the ventral border of the hind limb. 
In this morphological study, in which critical stages have been 

described, it is obvious that at the time of the closure of the 

neural folds (stage 21) no definite placodes can be accurately 

located, unless it be a slight indefinite thickening dorsal to the 
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eye. The ectodermal thickening over the dorsal extremity of 
the hyomandibular cleft as well as the longitudinal ectodermal 

thickening seems to have no significance except in so far as it 

is the result of a change in contour of the underlying tissue. As 

early as stage 25 (fig. 3), however, the placodes of lateral-line 

ganglia of VII and X can be identified, while all the epibranchial 

placodes can be located at stage 26-27 (fig. 4). The primordia 

of all the groups of the lateral-line sense organs are established 

at stage 35+ (fig. 8), and out of this pattern the sense organs are 

laid down in the skin. 

EXPERIMENTAL 

All the operations were confined to the right side of the em- 

bryos and consist of two groups: a) extirpating the placodes in 

the ectoderm, followed by grafting into the wound indifferent 

ectoderm taken from another animal of the same age and, 6) re- 

moving the neural crest either by scraping it loose or by removing 

it along with the upper half of the neural canal from the anterior 

border of the third somite to the anterior extremity of the brain 

above the eye. 

Where indifferent ectoderm was transplanted into denuded 

areas the grafts were removed from animals which had previously 

been stained in the jelly capsule with Nile-blue sulphate (Det- 

wiler, ’17).. This made possible daily observations upon the 

early growth and position of the implanted tissue. 
The mortality of operated animals was lowered by keeping 

them during the three or four days following the operation in a 

glass chamber, around which cool tap-water ranging from 11° to 

15°C. was constantly running. This retarded wound healing 

at first, but no disturbances were observed to affect the results 

of the experiments... 

In stage 25 the auditory placode becomes marked externally 

as a small round pigmented spot a little below an elevation in the 

region of the hind-brain (fig. 3). This may be used almost 

invariably as a landmark in orienting operations upon the placo- 

dal regions in this and early embryos. Since there is no external 

evidence of the pigmented spot previous to this stage, the eleva- 
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tion in the region of the hind-brain lends itself as a landmark in 

orienting similar operations upon embryos from the closure of 

the neural folds to stage 25 (figs. 1 and 2). 

A. Extirpation of placodes 

1. Removal of ophthalmic placode. A triangular piece of ecto- 

derm, including skin dorsal to the optic vesicle, was removed in 

the manner shown in figure 38 and indifferent ectoderm was 

grafted upon the denuded area. Such areas of ectoderm were 
taken from embryos varying in stages from 23 to 26. 

A typical picture of the extension of the implanted blue ecto- 
derm may be obtained from figure 39. Gradually the blue area 

extends ventrally until it includes the ectoderm over the eye and 
the regions anterior and posterior to it, always showing the more 

extensive migration towards the ventral half of the mandibular 
arch and towards the first external gill. As a result of this, the 

blue ectoderm several days after the operation comprises an 

area far greater in extent than the original extirpated area. 

After seven or eight days the Nile-blue sulphate gradually dis- 

appears and the transplanted area can often be located by its 
scarcity of pigment—a characteristic of the ventral ectoderm of 

older embryos. The same condition of the extension of blue 

implanted ectoderm may be seen in many other cases (figs. 48, 

49,55, 63). This may be largely due to a migration of the super- 

Fig. 38 Showing triangular piece of ectoderm, indicated by dotted line and 

middorsal line which was excised in order to remove the ophthalmic placode at 
stage 28. X 10. 

Fig.39 Camera-lucida drawing of the same individual a few days after opera- 

tion, showing extent of migration of implanted ectoderm stained in Nile-blue 
sulphate. X 10. 

Fig.40aandb Showing, respectively, lateral views of a reconstruction in the 

trigeminal region of the normal and operated sides. Only a small gasserian 

ganglion appears on the operated side. X 50. 

Figs. 41 and 42 Frontal sections of the specimen reconstructed in figures 

40a and b comparing the normal and operated sides at levels of the root of V. 

xX 37. 
Fig. 43 Frontal section of specimen killed nineteen days after operation, 

showing on right side only the gasserian portion of V after the ophthalmic placode 
has been excised. X 387. 
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ficial cells of the ectoderm, for the deeper-lying sense organs in 

the intruded area are undisturbed. However, this is a subject 
for further investigation. 

A specimen killed eight days after operation shows a complete 

absence of the ophthalmic ganglion and the ophthalmicus pro- 
fundus V nerve (figs. 40 a and b). The size of the ophthalmic 

ganglion of the normal side of this individual is very large (fig. 41), 

and a comparison between it and the region of the root of the V 

on the operated side (fig. 42) renders a striking picture. The 

crest cells concerned in the formation of the visceral skeleton 

along the region of the mandibular arch are approximately nor- 

malin amount. This condition indicates that if any of the crest 

cells had been disturbed there has been a regeneration, and 
ample opportunity has been offered to contribute to the forma- 

tion of the ganglion if such were their function. This individual 

also shows a diminution in the size of the gasserian ganglion as 

illustrated by figure 40 a. Another individual killed nineteen 

days after a similar operation at stage 23 shows no ophthalmicus 

profundus V nerve and the small ganglionic mass which does 

appear is apparently concerned only with the gasserian portion 

(fig. 43). 

An individual which had been operated upon at stage 26 shows 

nine days later a very small ganglion represented by possibly 

no more than ten cells (fig. 44). The only representative of the 
ophthalmicus profundus V nerve appears in but one section and 

extends anteriorly as a slender nerve fiber. During stage 26 

cells are being given off from the ophthalmic placode, and it is 

quite possible that a few of the placodal cells remained in the 

wound and later gave rise to the remnant of the ganglion which 

appears in this section. ‘The gasserian ganglion is also smaller 

in this individual than is the normal ganglion of the left side. 

An individual which was operated upon at stage 23 shows a 

small ophthalmic ganglion in an abnormal position (figs. 45 a 

and b). This ganglionic mass lies median to the eye and some- 

what dorsal to the optic nerve. It is connected to the brain by 

a slender group of fibers which pass back through the gasserian 

ganglion into the brain. At the lower anterior portion of this 
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ganglionic mass there arises a slender nerve which sends a few 

cutaneous fibers to the skin over the anterodorsal portion of the 

eye. It then follows over the dorsal border of the nasal organ, in 

the region of which it gives off cutaneous fibers. In the distribu- 

tion of its fibers this nerve issuing from the anteriorly placed 

ganglion simulates the ophthalmicus profundus V nerve. A 

Fig. 44 Frontal section, showing relative difference in size of the ophthalmic 

ganglia on normal and operated sides. Part of the ophthalmic placode was pos- 

sibly not removed. X 37. 
Fig.45aandb. Lateral views of a reconstruction, showing, respectively, nor- 

mal and operated sides in the region of V and VII. The posterior portion of VII 

ganglion is not shown. The operated side (fig. 45b) shows a small ophthalmic 

ganglion displaced anteriorly and lying above the optic nerve. It is connected 

posteriorly with the V and VII complex by a long slender root a few fibers from 

its dorsoposterior border. A small ophthalmicus profundus V nerve extends from 
its anteroventral border. X 50. 
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study of the records of the growth of the transplanted blue 

ectoderm of this individual shows that not all of the ectoderm 

concerned in the formation of the ophthalmic ganglion was elim- 

inated from the ectoderm in the region anterodorsal to the 

optic vesicle. 
A control operation was made on several specimens in which 

the ectoderm was excised as in the usual operative procedure and 
replaced and allowed to heal into its normal position. When 

these specimens were sectioned they showed perfectly normal 

ophthalmic ganglia, indicating that if there had been any dis- 

turbance of the crest cells in the trigeminal region during the 

operation it did not, in itself, affect the formation of the ganglion. 

A large number of individuals in which the excised area con- 

taining the preauditory placode and supra-orbital primordium 

was removed along with some of the ectoderm above the optic 

vesicle, show a similar displacement of the ophthalmic ganglion. 

Among these cases where the embryos were preserved within a 

few days after the operation ganglionic masses of cells lie close 

to the ectoderm. ‘Their posterior ends become attenuated and 

no connection to the brain is discernible. The older individuals 

which were sectioned show cutaneous fibers issuing from the 

ganglionic mass comparable in their distribution to the fibers 

from the ophthalmicus profundus V nerve as in the case already 

cited (fig. 45 b). 

It seems quite evident from the above results obtained that the 

formation of the ophthalmic ganglion is largely if not entirely 

dependent upon the placode in the ectoderm above the optic 

vesicle. 
2. Removal of gasserian placode. A rather extensive rectangu- 

lar piece of ectoderm was removed, including all the ectoderm 

around the dorsoposterior quadrant of the eye. An incision was 

made beginning at a point on the hyoid arch at a level with about 

the middle of the eye and passing dorsally some distance in front 

of the auditory placode to a level about the middle of the latter. 

The incision was then extended anteriorly parallel with thi. 

dorsal line to a point above the middle of the eye. From this 

point it was carried ventrally to a little above the middle of the 
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eye, from which it was extended posteriorly to the incision on the 
hyoid arch. The ectoderm thus outlined was very carefully 

removed and the wound was covered by a graft of blue indif- 
ferent ectoderm. 

A specimen killed six days after operation at a time when the 

ophthalmic and gasserian ganglia have just fused at the point 

of the entrance of the trigeminal root into the brain shows on the 

operated side a somewhat smaller gasserian ganglion. The fron- 

tal sections show that the ganglion in its anteroposterior diam- 

eter varies little in the region near its root from that on the 

normal side, but as the ganglion is followed ventrally it soon be- 

comes attenuated in the region near the upper posterior border 

of the eye, while on the normal side the mandibular nerve does 

not appear until the ganglion reaches the level with the middle of 

the posterior border of the eye. The diminution in the size of 

the gasserian ganglion is therefore represented mostly by a 

shorter dorsoventral axis. A large portion of the ophthalmic 

ganglion is displaced and lies near the anterodorsal portion of 

the eye. A group of fibers connect it to ganglionic cells which 

lie on the anterodorsal border of the gasserian ganglion. The 

crest cells over the mandibular arch are apparently normal in 

amount. 

Two other specimens killed the same number of days after 

operation show the same results. In these cases, however, there 

appears to be a slightly smaller number of crest cells over the 
mesoderm of the mandibular arch. 

‘A control operation was also made on several specimens, in 

which the ectoderm was excised in the usual manner and then 

replaced and allowed to heal in its normal position. Sections 

of these specimens show perfectly normal gasserian and pro- 

fundus ganglia. 

It has already been shown (figs. 40 b and 438) that when the 
ophthalmic placode was removed, including considerable ecto- 

derm from the posterodorsal region of the eye, the gasserian 

_ .on was smaller than on the normal side. Among the cases, 

described in another section of this paper, in which placodes of 
VII were removed there appear two cases in which there is 

apparently no gasserian ganglion present (fig. 56 b). 

THE JOURNAL OF EXPERIMENTAL ZOOLOGY, VOL. 35, NO. 4 
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It seems quite evident from these results that the ectodermal 

adhesion of the early gasserian ganglion is in the nature of a small 

placode which contributes cells to the formation of that ganglion. 

8. Removal of preauditory placode and the supra-orbital pri- 

mordium. In this type of operation the rectangular area of 

Fig. 46 Camera drawing showing area of ectoderm excised in removing pre- 

auditory placode and supra-orbital primordium. Outlined by means of dotted 

lines and the middorsal line. X 10. 
Fig.47 Camera drawing, showing absence of the supra-orbital group of sense 

organs after removal of an area of ectoderm as shown in figure 46. X 10. 
Fig. 48 Camera drawing, showing only three or four supra-orbital lateral 

line sense organs when not all of the early preauditory placode is removed during 

stage 21. The lightly pigmented area of transplant of indifferent ectoderm at 

time animal was killed is shown by dotted line. > 10. 

ectoderm excised is outlined in figure 46. Indifferent ectoderm 

from the ventral side of another animal of the same age which 

had been previously stained with Nile-blue sulphate was grafted 

into the wound. This operation was confined to stages under 

stage 25. 
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Due to the inability to locate exactly the position of the audi- 

tory placode, especially in stage 21, it was often included wholly 

or in part in the excised ectoderm. Among such cases where the 

auditory vesicle was not entirely absent, it appeared as a small 

rudimentary vesicle near the skin. 

An examination of specimens which were treated in the manner 

just described shows in eight cases no supra-orbital group of 

lateral-line sense organs (fig. 47), and consequently no ophthal- 
micus superficialis VII nerve. The operations in seven of these 

cases were performed at stage 23 and in one case about stage 21. 

The auditory vesicle appears as a rudiment in six cases, while in 

the other cases it is entirely absent. The larger portion of the 

lateral-line ganglion of VII which supplies nerve fibers to the 

supra- and infra-orbital groups of sense organs is represented in 

these cases by a very small ganglion. The infra-orbital line of 

sense organs with its corresponding nerve was never absent in 

this type of operation and it received its fibers from the small 

remaining portion of the above-mentioned lateral-line ganglion. 

In a few cases where a small portion of the placode was, pre- 

sumably, not entirely extirpated, the VII lateral-line ganglion is 

smaller than on the normal side and a small line of sense organs 

is the only representative of the supra-orbital line (fig. 48). In 

some cases a sensory line was represented by small, poorly de- 

veloped organs and the ophthalmicus superficialis VII is so slender 

that it can be followed with great difficulty and then only when 

most favorably stained. Such cases show diminution in the size 

of the VII lateral-line component which supplies the supra-orbital 
and infra-orbital sensory lines. Throughout all these cases in 

which the supra-orbital sensory line is represented in part or in 

its entirety the ear is present and apparently normal in size. 

The hyomandibular, ventral, and mandibular groups of lateral- 

line sense organs were never disturbed when such an area of 

ectoderm was removed. The VII lateral-line component of the 

ganglion supplying nerves to these groups was always normal. 

It is quite apparent that no other portions of the VII ganglion 
are lacking. 
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Fig. 49 Camera drawing, showing absence of hyomandibular group of sense 

organs after removal of an area of ectoderm shown in figure 50. X 10. 

Fig.50 Camera drawing, showing by dotted line an area of ectoderm removed 

at stage 26 in which was included the primordium of the hyomandibular group of 

sense organs as well as epibranchial placode of VII and supra-orbital primordium. 

x 10. 
Fig.51 Camera drawing, showing by dotted line an area of excised ectoderm 

in which was included the primordium of the ventral hyomandibular group of 

sense organs and part of the primordium of mandibular group. X 10. 
Fig. 52 Camera drawing, showing by dotted line position of implanted blue 

ectoderm a few days after operation in same individual shown in figure 51. The 

balancer is absent on operated side. X 10. 

Fig. 53 Camera drawing twenty-one days later of the ventral side of embryo 
shown in figure 51. On the operated side there is only a small portion of the man- 

dibular group of sense organs, while the ventral hyomandibular group is entirely 

absent. X 10. 
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4. Removal of the infra-orbital, hyomandibular, ventral hyomandib- 

ular and mandibular primordia. A number of trials were made 

upon embryos under stage 26 to remove separately, if possible, 

the primordia of the infra-orbital and hyomandibular groups of 

lateral-line sense organs on the side of the head by excising small 

segments of ectoderm behind the upper posterior border of the 

optic vesicle. These attempts proved to be fruitless, for in all 

cases the ingrafted tissue failed to suppress their development 

and complete regeneration of the two primordia took place. 

However, among the cases where an area of ectoderm including 

placodes of the VII ganglion was removed there appears one 

case, operated upon at stage 26, in which the hyomandibular 

group of sense organs is entirely absent, although the infra-orbital 

group is intact as well as the groups of sense organs on the lower 

side of the jaw (fig. 49). The area removed (fig. 50) also includes 

the epibranchial, the preauditory, and supra-orbital placodes. 

This seems to indicate that the infra-orbital and hyomandibular 

groups have separate primordia. 

A few operations were made in an attempt to remove the pri- 
mordia of the sense organs on the under side of the jaw. The 

most successful case appears in an individual operated upon at 

stage 25. The area removed is shown in figure 51, one day after 

operation, and it includes a small amount of ectoderm anterior and 

posterior to the lower portion of the hyomandibular cleft. 

Several days after operation (fig. 52) the area of the transplanted ° 

indifferent ectoderm may be seen at a lower level than its original 

position and the migration of its posterior portion extends into 

the anteroventral border of the first external gill. The balancer 

is lacking on this side. Twenty-one days after operation this 

individual reveals no ventral hyomandibular group of sense organs 

on the right side of the ventral portion of the lower jaw (fig. 53). 

However, there is a remnant of the mandibular group in the form 

of a few small sense organs along the anterolateral border of the 

lower jaw. This may possibly be an indication of the existence of 

a separate primordium for the mandibular group of sense organs. 

5. Removal of the epibranchial placode of VII and surrounding 

ectoderm. ‘The area of the extirpation in this type of operation 
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Fig. 54 Camera-lucida drawing, showing by dotted line extirpated area of 
ectoderm one day after operation. The operation was done at stage 25 and in- 

cluded auditory and preauditory placodes as well as epibranchial placode of VII. 

<e105 

Fig. 55 Camera drawing of embryo shown in figure 54 twelve days later, 

showing extent of area of implanted blue ectoderm and absence of supra-orbital 

line. X 10 

Figs.56aandb _ Lateral views of a reconstruction of the V and VII ganglionic 

complex of animal figured in 55, showing respectively, the normal and operated 

sides. The operated side shows a small VII lateral-line ganglion as only repre- 

sentative of VII. There is also no gasserian ganglion on operated side. X 50. 

Fig. 57 Frontal section, showing only a small VII ganglion after removal at 

stage 26 of an area of ectoderm similar to that shown in figure 54. X 37. 
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is outlined from a case one day after operation (fig. 54). The 

operation was done at stage 25 and the extirpated area included 

the auditory placode as well as ectoderm anterior to it, although 

its anterior extremity did not include as much ectoderm as in 

the cases of the removal of the preauditory placode and supra- 

orbital primordium already described. ‘The ventral extension of 

the extirpated area reached as far as the lower portion of the 
hyoid arch and in a few cases the mesoderm of the hyoid arch 
was exposed farther posteriorly than is the case in figure 54. 

The extension of the blue area at the time of killing, twelve days » 

later, is shown in figure 55. All the groups of sensory lines are 

present except the supra-orbital group, although the sense organs 

which do appear on the right side of the head and lower jaw are 

not as prominent as on the normal side. 

A reconstruction of the VII ganglionic components reveals 

only a small portion of this ganglion on the operated side (figs. 

56aandb). It lies lateral and slightly posterior to the ganglion 

of V and is elongated in the dorsoventral axis. As near as can 

be determined, a very slender root of fibers enters the brain near 

the posterior border of the V. The lower extremity of this small 
ganglion receives slender nerve fibers from the regions of lateral- 

line sense organs on the side of the head and the ventral side of the 

lower jaw. No palatinus, alveolaris, nor cutaneous portions of 

the jugularis nerves can be found on the operated side as are 

shown on the normal side (fig. 56 b). The ceratohyoid cartilage 

is slightly smaller on the operated side. The ganglionic portion 

of V in this individual seems to be concerned only with the oph- 

thalmicus division. Another specimen which had a similar area 

removed during stage 25 was killed nineteen days after operation, 

and it also shows the same results. 

A similar operation upon an embryo at stage 26-27 shows a 

small VII ganglion (fig. 57). The fibers from it seem to be lateral- 

line fibers to the sense organs on the lower part of the head. 

There is distinctly no palatinus VII, and whether the other com- 

ponents are entirely lacking or not cannot be exactly determined, 

for the animal was killed within a few days after the operation, 

and the small VII ganglion on the operated side has not developed 
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" Fig. 58 Camera drawing, showing in dotted line and middorsal line in the 

area of ectoderm removed at stage 23 in excising postauditory lateral-line pri- 

mordia and epibranchial placodes of IX and X. The auditory placode was also 
included.  X 10. 

Fig. 59 Camerad rawing, showing in dotted line the area of blue implanted 

ectoderm two days after operation, not including all the ectoderm along the pos- 

terior border of the gill swelling. xX 10. 

Fig. 60 Camera drawing ten days after operation, showing presence of a 

ventral body line of sense organs when posterior border of gill swelling is not re- 

moved as shown in figure 59. X 10. 
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sufficiently to say definitely how much is really lacking. The 

gasserian ganglion is much smaller in this individual. The cera- 

tohyoid procartilage is normal on the operated side. In all cases 

where such an area as just described was removed there always 

appeared the same results, viz., a very small ganglion whose 

slender fibers supplied sense organs on the side of the head and 

lower jaw was the only representative of the VII ganglion. 

6. Removal of epibranchial placodes of IX and X and postaudi- 

tory lateral-line primordia. The operations were done around 

stages 21 and 26 and involved the removal of varying amounts of 

ectoderm posterior to, and often including, the auditory placode. 
The most satisfactory results were obtained in removing ectoderm 

outlined in the manner shown in figure 58. 

Whenever the upper posterior border of the gill swelling was not 

removed (fig. 59) there appeared a small ventral body line of 

sense organs (fig. 60), although the dorsal and midbody lines 

were entirely absent. This occurred in many specimens and 

indicates, as shown in the descriptions of the normal material, 

that there is a separate placode for the ventral body line. 
In a number of cases the occipital group of sense organs occurs 

(fig. 61), although the auditory vesicle was removed. The 

anterodorsal portion of the gill swelling was not well covered 
according to an observation of the blue ectoderm two days after 

the operation. The occipital or ventral body lines may persist 

after the operation, but only after operations done around 

stage 21. It appears that the area capable of regenerating these 

primordia is diffuse at this early stage. 

Fig.61 Camera drawing, showing only a few sense organs of occipital group 

when not all ectoderm is removed over anterodorsal portion of gill swelling. No 

dorsal nor midbody line of sense organs is present. X 10. 

Fig.62 Camera drawing, showing in dotted line twelve hours after operation 

at stage 26 the area of ectoderm removed, including all postauditory lateral- 

line primordia and epibranchial placodes. X 10. 

Fig.63 Camera drawing of embryo figured in 71, showing thirteen days after 

operation the extent of blue ectoderm and absence of postauditory lateral-line 

sense organs. X 10. 

Fig. 64 Frontal’section of the embryo shown in figure 63, showing normal 

branchial arches. X 37. 

Fig. 65 Frontal section through similar level on either side, showing the 

small visceral ganglion of X on the operated side. X 37. 
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When the operation is done at about stage 26 and an area is 

removed as shown in figure 62, about twelve hours after operation, 
no postauditory primordia of the lateral-line sense organs appear. 
Only lateral-line sense organs anterior to the ear may be found. 
The extent of the blue area is marked out by dotted line (fig. 63). 
An examination of certain typical specimens in this type of 

operation does not show such an extensive lack of ganglionic 

material as found in the regions of V and VII when all the crest 

cells are present. 

The case illustrated in figure 63 shows normal branchial arches 

(fig. 64) and certain small ganglionic masses of IX and X. There 

is a very small X visceral ganglion (fig. 65). There are no first 

nor second branchial trunks. From the posteroventral portion 

of this ganglion a slender trunk comparable to the visceral trunk 

of the vagus passes posteroventrally alongside of a branchial 

blood vessel behind the anlage of the branchial bars to the poste- 

rior portion of the pharynx where its fibers are lost against the 

_side of a blood vessel. There are no lateralis fibers in the visceral 
trunk because there are no lateral-line ganglia in the IX or X 

complex. A small visceral ganglion of IX lies below the level of 

X visceral ganglion at a lower level than on the normal side. 

Through it pass a few motor fibers which are given off to branchial 

muscles. A slender branchial trunk passes to the lateral side 

of the anlage of the levator arcus branchialis primus muscle to 

which it appears to give off a few motor fibers. Here it is lost 

in the first branchial arch and gives no evidence of containing 

sensory fibers. No special visceral fibers pass anteriorly toward 

the pharyngeal region. 

Another specimen killed eighteen days attet operation shows 

a few poorly developed sense organs in the occipital region which 

are supplied by a few nerve fibers from a very small IX lateral- 
line ganglion (fig. 66). A few lateralis fibers come from a small X 

lateral-line ganglion to innervate the posterior sense organs of the 

occipital group. The visceral ganglion of the vagus is somewhat 
smaller than on the normal side and gives off a visceral trunk 

which passes through a small ganglion on the median side of the 

fourth branchial arch. This ganglion seems to be a portion of 
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the vagus lateral-line ganglion which has possibly been formed 

by the ventral body-line primordium. ‘The visceral trunk passes 
from this ganglion to the region of a small blood vessel, alongside 

of which it continues toward the posterior portion of the pharyn- 

geal wall, where it is lost. Lateralis fibers also pass from this 

ganglion down to the ventral body line which is present for a 

short distance in this individual. Very slender first and second 
branchial trunks extend from the lower portion of the visceral 

Fig.66 Frontal section, showing the small visceral ganglion of X on operated 

side in front of which lies the IX lateral-line ganglion giving off fibers to occipital 

group of sense organs. A similar level on normal side shows a large IX and X 
ganglionic complex. The epibranchial placodes of IX and X were removed in 

this individual, but the occipital and ventral body-line primordia were not re- 

moved. X 37. 
Fig. 67 Frontal section of a specimen from which epibranchial and lateral- 

line placodes of IX and X were removed, showing the X visceral ganglion and 

visceral trunk of X issuing from its posteroventral portion. It contains no later- 

alis fibers. X 37. 

ganglion into the second and third branchial arches, but do not 

appear to carry any sensory fibers. The visceral ganglion of LX 

emerges close to the root of VII from a root which lies at a lower 

level than on the normal side. It gives off a trunk ventrally 
which passes into the first branchial arch running along close to 

a blood vessel for some distance until it is finally lost against the 

branchial muscles of this arch. This specimen also gives no 

evidence of containing visceral fibers in the sensory system. 
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Another specimen killed twenty-two days after operation shows 

all cartilages present, but slightly smaller in their dorsal portions 

while their lower portions are normal. Posterior to the ear there 

is but one occipital organ which is innervated by a single fiber 
coming from a small group of ganglionic cells—possibly the X 

ganglion. ‘This ganglionic mass is very small and fused against 

a small vagus ganglion which is apparently only a visceral gan- 

glion. Motor fibers may be seen issuing from the region of this 

ganglion to the branchial muscle. From the ventral side of this 

vagus ganglion a few short fibers extend to the region of blood 

vessels, where they are lost. Only the first branchial trunk of 

the vagus can be found and it contains only motor and general 

visceral fibers. The visceral trunk of the vagus ganglion may be 

seen issuing from the posteroventral portion of the ganglion 

(fig. 67). It carries no lateralis fibers, but is composed of general 

visceral fibers which are lost in the posterior region of the pharynx. 

The vagus lateral-line ganglion is entirely absent. No visceral 

ganglion of IX can be found. 

These cases are typical of the findings from a study of a large 

number of individuals and the results seem to show that whenever 

the lateral-line placodes are removed no lateral-line ganglia are 
present, and when the ectoderm is removed from so large an area 

as to include the epibranchial placodes of [X and X and surround- 

ing ectoderm no sensory fibers of the cutaneous and the special 

visceral system are present, while on the other hand the general 

visceral component is derived from the neural crest. 

B. Removal of neural-crest cells 

1. Contribution to mesodermal tissue. The neural crest was 

exposed to view by a longitudinal incision in the ectoderm begin- 

ning at a point below the middle of the third somite in the antero- 

dorsal border of the pronephros and extending cephalad through 

the ectoderm of the dorsal third of the eye to the midline. The 

posterior extremity of the longitudinal incision was extended 

dorsally to the middorsal line, slanting slightly caudad. The 

ectoderm thus outlined was flexed dorsally hinging on the mid- 

dorsal line. 
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An attempt to eliminate the neural-crest cells was made in 

several ways. By means of scissors and a fine spear-point needle 

the neural-crest cells were scraped away from the wall of the 

neural canal and, according to age, also carefully lifted off the 

mesoderm upon which they had migrated. The ectoderm was 

then turned back into its normal position, where it was weighted 

with glass rods and silver wires in the usual manner and allowed 

to heal. This treatment on one side only did not eliminate the 

possibility of the neural crest either from the sources of its origin 

on the operated side or from cells of similar groups wandering over 

from the unoperated side. Therefore, a series of embryos im- 

mediately after this operation was put into a cool chamber to 

retard development, and ten or twelve hours later the normal 

left side was similarly treated. In this type of double operation, 

however, the absence of normally developed crest cells makes a 

comparative study difficult. 

A study of a large number of the first type of operation in which 

the crest cells were scraped away from one side only shows a 

large percentage in which regeneration of the crest cells had taken 

place, while many of the specimens which had undergone the 

double operation proved to be very oedematous in the gill region 

and unfit for study. Many of these individuals also showed 

complete regeneration of the neural crest. 

In order to insure against the regeneration of the neural crest, 

a more extensive operation was performed. The ectoderm was 
flexed back in the manner already described and, after the neural 
crest had been carefully scraped away, the upper half of the 

neural tube on the right side was removed from the anterior 

border of the third somite to the anterior extremity of the brain 

above the eye. The number of cases available was considerably 

diminished by the high mortality attending the presence of such 

a large wound—only fifteen out of one hundred and fifty sur- 

viving. The high mortality was partially overcome by 

diminishing the area of operation by one-half. The ectoderm was 

flexed back upon the middorsal line so as to expose the crest cells 

over the branchial region. The crest cells along with the upper 

half of the neural tube from the anterior border of the third 
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somite to just in front of the ear were removed. In cases where 

it was advantageous the crest cells upon the mesoderm of the 

hyoid arch were included among the tissue that was removed. 
The number of recoveries from this kind of operation was dani in 

excess of the number of deaths. 

The neural crest over the mandibular and hyoid regions was 

removed along with the upper half of the neural tube from the 

posterior border of the ear to above the anterior border of the eye. 
The mortality in this type of operation far exceeded the recoy- 

eries. ‘The ectoderm lying above the optic vesicles is very narrow, 

and when it is cut loose along its ventral border it soon shrinks 

toward the middorsal line, so that when the neural canal is re- 

moved the anterior extremity of the wound is often poorly 

covered. The healing is often incomplete at the anterior ex- 

tremity of the head. The hole remaining, however small, is 

responsible for a large percentage of the deaths. 

Among the group of embryos from which the neural crest has 

been removed by scraping there appear many cases which show 

varying degrees in the diminution of the size of the external 
gills. A very few showed slight deficiencies in the branchial 

cartilages. 

The most favorable results were obtained from the specimens 

from which the neural tube was removed along with the neural 

crest. Among those cases in which this method was used to 

eliminate the crest cells over the branchial region and occasionally 

over the hyoid region there are recorded a number of specimens 

killed at various stages in development after the operation. 

Case 1. The operation was done at about stage 26 and the 
embryo was killed three days later. It had not developed very 

rapidly as it remained in the cool chamber up to the time of 
killing. Frontal sections through the mesoderm of the arches on 

the normal side show that the crest cells are completely surround- 

ing them. A section at the level of the middle of the optic cups 
(fig. 68) shows a complete absence of crest cells on the mesoderm 

of the second branchial arch on the operated side. On the 
median side of the mesoderm of the first branchial arch only a 

few crest cells appear, which are continued in a few sections fur- 
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ther ventrally and then cease. They may be remnants of crest 

cells which adhered to the outer border of the mesoderm at the 

time of operation. However, their number is insignificant com- 

pared to the amount of similar cells on the normal side. The 
crest cells around the mesoderm of the hyoid arch are also con- 

siderably less in amount than on the normal side. 

Case 2. The operation was done at the same stage as in the 

previous case and the specimen was killed after six days. A 

frontal section (fig. 69), although somewhat oblique, shows in the 

2ebr’ 
3ebr” 

Fig. 68 Frontal section through the mesoderm of hyoid, first and second 

branchial arches, showing, three days after removal of crest cells, no crest cells 

on right side. X 37. 
WF Fig. 69 Frontal section of specimen killed six days after removal of crest 

cells in hyoid and branchial regions, showing a distinct lack of crest cells on right 

side around the mesoderm of hyoid and first and second branchialarches. X 37. 
Fig. 70 Frontal section of specimen killed nine days after removal of crest 

cells over the hyoid and branchial regions, showing only three procartilage cells 

in the third branchial arch. X 37. 

Fig. 71 Frontal section at a lower level in the same specimen as in figure 70, 

showing only a few procartilage cells in the hyoid and first branchial regions. 

X 37. 

7@ 



FT 

Fig. 72 Frontal section through procartilages of the arches of a specimen 

killed fourteen days after operation, showing only a few procartilage cells in the 
third and fourth branchial arches. X 37. 

Fig. 73 Frontal secton at a lower level in same specimen as in figure 72, 

showing only a few procartilage cells in the hyoid arch and a small number in 

first branchial arch on operated side. X 37. 

Fig. 74 Frontal section of specimen killed seventeen days after removal of 

crest cells from hyoid and branchial regions, showing absence of ceratohyal and 

first and second ceratobranchial cartilages on the operated side. X 37. 

Fig. 75 Frontal section of a specimen killed eleven days after operation, in 

which an attempt was made to remove all the crest cells,.showing only rudiments 

of cartilages in the hyoid, first and second branchial arches. The quadrate is 

smaller than normal.  X 387. 

Figs. 76 and 77 Frontal sections at two levels in the same specimen, showing 

the small size of the right quadrate cartilage. > 37. 

478 
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region of the mesoderm of the hyoid and the first and second 

branchial arches a distinct lack of crest cells on the operated side, 

while on the normal side they are abundant and still surround 

the mesoderm of the arches. 

Case 3. A similar specimen was killed nine days after opera- 

tion, when it had reached about stage 37. The external gills at 

this stage have become prominent finger-like processes, but have 

not “developed branches. A frontal section of this specimen 

(fig. 70), although obliquely cut, shows to even more advantage 
the comparison of the two sides, for the level of the operated 

side is lower where there would be normally an abundance of 

procartilage-forming cells. There are but three crest cells in the 

region of the third branchial arch, while the others lack cells of 

this kind altogether. This is the condition in sections above this 

level. The crest cells in the hyoid region are also noticeably less 

in amount than on the left side. At a lower level (fig. 71) the 

difference is more striking, for the hyoid, the first, and part of 

the second branchial regions have very few cartilage-forming 

cells compared with the abundance on the normal side. Loose 

connective tissue in the external gills on the operated side is also 

subnormal in amount. 
Case 4. This specimen was killed fourteen days after the 

operation, when it had reached about stage 39. The gills on the 

operated side are smaller than on the normal side and their con- 

nective-tissue cells are less numerous. Compared with the nor- 
mal side, there are only a few procartilage cells in the third and 

fourth branchial arches (Sg. 72). When followed farther ven- 

trally (fig. 73), the few loose cells on the right side increase but 

slightly in number and always remain much more loose in ar- 

rangement as they approach in the midline the normal compact 

procartilage. The procartilage in the hyoid region is also much 

less in amount. 

Case 5. This specimen was killéd seventeen days after opera- 
tion and also shows a decided diminution in the size of the gills 

on the operated side. A frontal section shows well-formed 

branchial cartilages on the left, while on the right a few cells 

form a small cartilage only in the third gill arch. When followed 
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farther ventrally, very small rudiments of the second, third, and 
fourth branchial cartilages appear, which, after they approach 

each other at their ventral extremities, become completely lost 

and do not approach in the midline the cartilages of the normal 

side. The hyoid cartilage is completely absent. The first and 

second ceratobranchials and the ceratohyoid are absent on the 

operated side (fig. 74). The first and second basibranchials are 

present. ° 

A specimen in which all the crest cells were included in the 
operation along with the upper half of the neural tube was killed 

eleven days after operation, and it shows many deficiencies in the 

visceral skeleton. Very small first, second, and third epibran- 

chial cartilages are found on the operated side (fig. 75); they 

soon disappear as the sections are followed ventrally. The quad- 
rate in this and other sections is smaller than on the normal 

side. The hyohyal, ceratohyal, and all the ceratobranchial carti- 

lages are entirely absent. The mandible is smaller on the right 

side. The first basibranchial cartilage is present but small and 

lies toward the right of the midline, while the anlage of the second 

basibranchial is apparently normal. No change can be seen in 

the anterior portions of the trabeculae. 
A similar attempt was made in another specimen, but due to 

incomplete removal of crest cells in the branchial region regenera- 

tion had taken place. However, seventeen days after operation 

it showed externally a diminution in size of the right side of the 
lower jaw. <A section at a level with the lower border of the 

ear and the optic nerve shows a remnant of the quadrate very 
small (fig. 76) when compared with figure 77, a similar level on 

the left side. At the level of the lower border of the right eye the 
quadrate cartilage appears again for a short distance and extends 

toward the articular end of the mandible. As the sections are 

followed farther ventrally, the mandibular cartilage on the right 

side is seen to be smaller than’on the normal side. 

Another specimen was operated upon at stage 26 and killed 

twenty-one days later. At this stage it is impossible to remove 

successfully all of the crest cells which have migrated down over 

the mesoderm of the mandibular arch. The external gills and 
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lower jaw on the operated side showed an abnormal development. 

A dissection of this individual was made after the cartilages had 
been stained with methylin blue and shows (fig. 78) only three 

small branchial cartilages on the right side while the first and 

second basibranchial cartilages are present, but abnormally placed 

to the right of the midline. The quadrate and mandibular carti- 

lages are somewhat smaller (figs. 79 and 80). There is not much 

difference in the size of the anterior portions of the trabeculae. — 

Fig. 78 Showing a camera-lucida drawing of a dissection of cartilages stained 

in methylene blue. Killed twenty-one days after operation. An attempt was 

made to remove all the neural crest in this specimen. Only three small branchial 
cartilages appear on the operated side. The first basibranchium is less developed 

on the right side, while the second basibranchium is a slender rod and displaced. 
The right mandibular cartilage also appears smaller than thenormal. X 23. 

Figs. 79 and 80 Camera drawings of lateral views of a dissection of specimen 

figured in 78, showing, respectively, operated and normal sides. The quadrate 

and mandibular cartilages are smaller on the operated side. > 23. 

Fig.81 Frontal section, showing in another specimen at the level of the optic 
nerves relative sizes of the quadrates when the crest cells have been removed at 
stage 24. XX 37. 
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Another individual was operated on at stage 24 and the crest 

cells along with the upper half of the neural canal were removed 

from the hyoid and mandibular regions. There was evidently a 

regeneration of the crest cells, but the specimen showed certain 

deficiencies in the visceral skeleton. At a level with the optic 
nerves a section (fig. 81) shows a small quadrate cartilage on the 

operated side. In levels above and below this section the dif- 

ference in the size of the two cartilages is even more striking. 

The anterior portions of the trabeculae show a difference in size. 

The anterior portion of the trabecula on the normal side extends 

somewhat beyond the level of the optic nerve, while on the 

operated side it extends only to the posterior border of the optic 

nerve. The ceratohyoid cartilage is poorly developed and joins 

with the first basibranchial posterior to its normal position. 

The mandibular cartilage in this individual also shows a defi- 

ciency in size. 

It was found in the large number of operations made in re- 
moving the neural crest that the most favorable stage was around 

stage 26. However, this applies only to the branchial and hyoid 

regions. Here their removal is a very simple matter and no 

damage to the mesoderm need be expected, for the crest cells lie 

loosely upon the mesoderm and do not extend very far ventrally. 
In the mandibular region the elimination of crest cells is more 

difficult, for several factors are involved. From stage 23 to 26, 

when the regeneration of the neural crest is most persistent, a 

very rapid ventral growth takes place far in advance of the ven- 

tral proliferation of crest-cell groups in the hyoid and branchial 

regions. ‘The crest cells lie tightly against the mesoderm of the 

mandibular arch, and in order to remove these cells considerable 

damage is caused to the mesoderm. The wound is very exten- 
sive ventrally, and the pulling of the cut edge of the ectoderm 
near the optic vesicle, accompanied by the large cavity made in 

the anterior portion of the brain, always resulted in the death of 
such individuals. It is hoped that by doing a large number of 

operations in this region a few specimens may survive which will 

show a complete removal of the crest cells over the trigeminal 
region. 
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An examination of the specimens done at the earlier stage 

shows a deficiency of the mandibular and quadrate cartilages, 

but not a complete absence. One case shows a deficiency in the 

anterior portion of the trabecula. In the branchial and hyoid 

regions it is quite evident that the branchial cartilages, the cerato- 

hyal, the hyohyal, and the first basibranchial are derived from the 

wandering neural crest. 

2. Contributions to ganglionic components. a. Contribution to 

V and VII. As already shown in the cases described, there is no 

condition in which the crest cells in the region of the trigeminus 

were entirely removed, although in the other regions they have 

been almost entirely eliminated. 

A specimen operated upon at stage 25 was killed two days 

after operation and shows on the operated side a portion of the 

ophthalmic placode which is giving off cells, even though few 

crest cells may be found in this region. It lies close to the brain 

(fig. 82) while farther ventrally placodal cells from the posterior 

portion of the VII lateral-line placode are projecting medially 

to form the lateral-line ganglion (fig. 83). At its anterior portion 

it is contiguous with a small group of cells which belong to the 

gasserian placode. The epibranchial placode of VII at this stage . 

is prominent, but has split off no cells on either side. 

Although the crest cells have regenerated to a small degree in 

the trigeminal regions of two other specimens killed within a few 

days after operation, placodal cells may be seen contributing in 
large numbers to an ophthalmic ganglion. The condition of the 

ganglion is practically the same as on the normal side. One of 

the specimens shows a large well-formed ophthalmic ganglion 

(fig. 84), but the number of crest cells on the mesoderm of the 

mandibular arch farther ventrally is far less than on the normal 

side. Although there are but few crest cells on the mesoderm of 

the hyoid arch of this specimen, the VII lateral-line ganglion is 

present and normal (fig. 84). This level does not show the 
comparative size of the two ganglia. The visceral portion of 

the VII seems to be a little smaller than on the normal side. 
Another typical case killed eleven days after operation shows 

deficiencies in the mandibular group of crest cells and an entire 
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absence of the ceratohyal cartilage. The ophthalmic ganglion 

is large and normal in size, although it is situated somewhat 

dorsal to its normal position (fig. 85). The portion of the 

lateral-line ganglion of VII which supplies the supra-orbital and 
infra-orbital group of sense organs also appears in this level and 

is normal in size as well as the rest of the lateral-line ganglion. 

gas. 
--Mpl 
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Fig. 82 Frontal section, showing the ophthalmic placode two days after the 

crest cells have been removed. X 37. 

Fig. 83 Showing in the same specimen the posterior portion of VII lateral- 

line placode giving off placodal cells. At its anterior extremity is shown the 

contact of the gasserian ganglion with the ectoderm. X 37. 

Fig.84 Showing a normal VII lateral-line ganglion when crest cells have been 
removed from the hyoid arch. X 37. 

Fig. 85 Frontal section, showing a large ophthalmic ganglion after crest 

cells had been removed at an early stage. X 387. 

Fig. 86 Frontal section further ventrally in the same individual, showing the 

palatinus VII at the point of leaving the ganglion. X 37. 
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The gasserian ganglion is slightly smaller than on the normal side 

and lies somewhat separated from the ophthalmic ganglion. The 

visceral portion of VII is a little smaller and no definite alveolar 

nerve can be found. The special visceral or palatinus VII is 

present (fig. 86). 

Fig.87 Frontal section of a specimen killed three days after removal of crest, 
cells over the branchial region, showing lateral-line placodes of IX and X forming 

ganglia. Between them in ectoderm lies the epibranchial placode of X. On the 
normal side lies a group of crest cells near the epibranchial placode of X, possibly 

forming a portion of visceral ganglion of X. X 37. 
Fig. 88 Portion of a frontal section in a specimen killed a few days after re- 

moval of crest cells, showing normal epibranchial placodes of IXand X. X 37. 

Fig.89 Showing a large vagus lateral-line ganglion and ramus lateralis supe- 

rior vagiin a specimen killed eleven days after an attempt had been made to 

remove all crest cells on right side. X 37. 

Fig.90 Showing in the same specimen the IX visceral ganglion. X 37. 

b. Contribution to IX and X. A specimen killed three days 

after operation shows on the operated side a large lateral-line 
ganglion placode of IX just anterior to the epibranchial placode 

of X (fig. 87). On the anterior surface of the large vagus lateral- 

line placode are a number of loose placodal cells given off from 

the placode. No crest cells are found in the branchial region of 

the operated side. ‘On the normal side anterior to the vagus 
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placode is a mass of crest cells near the ectoderm and epibran- 
chial placode of X. These are crest cells which possibly give 
rise to a portion of the visceral ganglion, for when followed ven- 

trally they lie close to the epibranchial placode of X. 

A specimen killed five days after operation shows on the 

operated side a large normal lateral-line ganglion. The placode 

of the lateral-line ganglion of IX seems to be a little less advanced 

in development than on the normal side. Farther ventrally 

(fig. 88) loose masses of cells are being given off from the epi- 

branchial placodes of IX and X and are not of crest-cell origin, 

for there are no crest cells in the branchial region of the operated 

side. 

A specimen killed eight days after operation shows a large 

vagus lateral-line ganglion, in front of which is a portion of a 

small visceral ganglion. The ganglia are still made up of loose cells 

and nerve fibers from the visceral ganglia cannot be determined. 

Posterior to the auditory vesicle on the operated side is a small 

lateral-line ganglion which lies above the small visceral ganglion 

of IX which is connected with the epibranchial placode. Only 

a very few scattered crest cells appear on the median surface of 

the mesoderm of the branchial arches. A number of other 

specimens killed between eight and ten days after operation 

show small visceral ganglia, which are derived from the epibran- 

chial placodes, and perfectly normal IX and X lateral-line eanglia. 

In these cases also there are only a few loose crest cells in the 

branchial region on the operated side. 

A typical specimen killed eleven days after operation shows a 

large vagus lateral-line ganglion with the ramus lateralis superior 

vagi nerve extending posteriorly to innervate the body line of 

sense organs (fig. 89). The anterior portion of this ganglion is 

part of the visceral ganglion of X. From it pass slender fibers to 

the epithelium of the second external gill and also a number of 

motor fibers to the branchial trunk of the vagus can be seen in 
the second branchial arch. It gives off motor fibers to the bran- 

chial muscles, and when followed ventrally into the branchial 
arch it is lost near the epithelium on the pharyngeal side. There 

is no definite second branchial trunk. As the superior lateralis 
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vagi nerve leaves the ganglion, fibers are continued ventrally, 

as on the normal side, to form the visceral trunk of the vagus. 

A few motor fibers are given off along its path, and when followed 

farther ventrally it is finally lost near the wall of the pharynx. 

No ramus intestinalis from the visceral trunk can be determined. 

In the dorsal portion behind the ear a number of cutaneous fibers 

may be seen, along with the lateralis fibers, to innervate the skin. 

The visceral portion of [IX may be seen at the lower border of the 
ear coming off from the root of 1X which is at a lower level than 

on the normal side (fig. 90). The visceral ganglion is small and 

gives off no trunk to the first branchial arch, but ventral to the 

ear capsule it sends out a nerve which passes some distance along 

the median border of the internal ceratohyoid muscle, where it is 

followed ventrally until its fibers are lost against the wall of the . 

pharynx. The only visceral fibers that can be identified on the 

operated side appear to be of the special visceral system. The 

other fibers which appear in the IX and X ganglionic complex on 

the operated side are of the lateralis and general cutaneous sys- 

tems. In the ventral positions of the third and fourth branchial 

arches only very ‘small rudiments of cartilages appear, which 

shows that very few crest cells remained which could have con- 

tributed to the visceral ganglia. 

It appears from the study of the specimens described that the 
only contribution of the crest cells to the ganglionic complex of 

IX and X is to the general visceral component. 

DISCUSSION 

It has been shown in the study of early stages of Amblystoma 
embryos that extensive contributions from the lateral ectoderm 

take part in the formation of cranial ganglia, and the experi- 

mental analysis of the problem has shown how small a part the 
crest cells play in the formation of these ganglia. The facts 

which the experiments present lead to the conclusion that the 

general cutaneous system is derived entirely from placodes. In 

the trigeminal region there are two definite placodes concerned 

with the formation of the V; that in the case of the ophthalmic 

division is the larger, while that of the gasserian is the smaller and 
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of shorter duration and, therefore, difficult to follow. The 

earliest stage in which Coghill (’16) described the early contact 

of the ophthalmic ganglion with the ectoderm corresponds to 

about stage 34, i.e., a stage between those shown in figures 6 

and 7. At the point of contact lies the placode which can be last 

seen at this stage. The actual contribution of placodal cells to 

the ganglion must be observed in earlier stages than this, at a 

time when crest cells are still very numerous in this region. This 

condition has been the factor which has caused investigators to 

overlook the placodal contribution. Coghill’s observation that 

during this contact with the ectoderm the ganglion makes its 

connection with the brain adds further morphological evidence 
that the ganglion is of placodal origin. Judging from the many 
similarities in Amblystoma and Necturus, it is obvious that Platt 

was correct in assuming an ectodermal contribution to the oph- 

thalmie ganglion, although she has confused the placodal and 

erest cells in this region and incorrectly interpreted part of these 

placodal cells as contributing to the ‘mesectoderm.’ The ecto- 

dermal cells which Goette (’14) describes being given off above 

the optic vesicles in Siredon (Amblystoma tigrinum) and Torpedo 

are likewise cells of the ophthalmic placode and not contributions 

to the wandering ‘ectomesoderm.’ It has been shown that when 

the ophthalmic placode is entirely removed in early stages of 

Amblystoma there is a complete absence of the ophthalmic 

ganglion and the ophthalmicus profundus V nerve (figs. 40 b and 

43). Such cases always show but little disturbance of the crest 
cells in the trigeminal region. In control operations in which the 

ectoderm was removed in the usual manner and then replaced 

there appeared normal ophthalmic ganglia and nerves, which 

shows that the placode is necessary for the formation of the 

ganglion. When a small portion of the ectoderm over the eye is 

left a very small displaced ganglion is often found (fig.45b). In 

this respect it is similar to other partially removed placodes. 

On the other hand, when the ophthalmic placode is left intact 

and the crest cells have been disturbed as much as possible by an 
attempt to remove them, an apparently normal ganglion is pres- 

ent, and although there has been a regeneration of the crest cells 
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it shows that an extensive disturbance of the crest cells as early 
as stages 21 and 23 does not inhibit the growth of the ganglion. 

As Coghill (16) has already shown in Amblystoma, there is an 

early contact of the gasserian ganglion with the ectoderm. At the 

point of contact near the anterior border of the preauditory plac- 

ode (figs. 21 and 26) is a small thickening in the ectoderm which 

can be followed only through stages 28 to 30. Although this 

condition has not been described in any other forms, it is quite - 

possible that it does exist, but has been overlooked on account of 

its small size and short duration in a region where the crest cells 

are very abundant. Among the cases where the removal of the 

preauditory placode included ectoderm near the posterodorsal 

border of the optic vesicle there occurred two cases (fig. 56 b) in 

which there was no gasserian ganglion. When smaller areas of 

ectoderm were removed from the posterodorsal region of the 

eye there often occurred small gasserian ganglia. This was pos- 

sibly due to the fact that not all of the placode had been removed. 

In one case where there was a deficiency in the crest cells on the 

mandibular arch after the crest cells had been removed a smaller 

gasserian ganglion was observed. In this case it seems quite 

possible in the light of the control and other operations that the 

gasserian placode was injured when the ectoderm was reflected 

at the time of operation. 

The remaining portion of the general cutaneous system of the 
cranial nerves is to be found in the X. In the observations re- 

ported in this paper no definite distinction could be made in the 

early stages between the small general cutaneous and the visceral 

ganglia of X. Coghill (’16) has observed that during its early 

contact with the ectoderm, the cutaneous ganglion of X has no 

connection with the brain. However, when a large area of ecto- 
derm was removed containing the epibranchial placodal regions of 
IX and X no definite general cutaneous fibers could be found. 

This leads one to conclude that the general cutaneous portion of 

the vagus complex is derived from the lateral ectoderm and the 

early contact of the small general cutaneous ganglion of X, which 

was described by Coghill, is the indication of a placode in the 

ectoderm which gives rise to that ganglion. This fact falls in 
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line with the results obtained in the removal of placodes in the 

trigeminal region and shows that the general cutaneous system 

is placodal in nature and not, as Landacre (10) has suggested, of 
neural-crest origin. 

From the results obtained in the series of experiments recorded 

in this paper there can be no doubt that the lateral-line sensory 

system in Amblystoma is derived entirely from placodes. The 

‘study of the preauditory placode shows that a large part of the 

lateral-line ganglion of VII is formed from this placode and from 

its anterior end arises the supra-orbital primordium of sense 

organs. The other lateral-line primordia in the head region are 

separate in origin as in Necturus and also contribute to the VII 

lateral-line ganglion. At no time is there any condition such as 

that described in Lepidosteus by Landacre and Conger (713) in 

which the preauditory placode begins to disintegrate at the time 

when the first trace of the lateral-line primordium can be detected. 
It is quite possible that Landacre and Conger were misled in this 

interpretation of the preauditory placode, for, according to their 
description, it apparently arises very early, and although they 

describe no cells being given off from the placode, it seems prob- 

able that there may have been an early contribution which was 

unobserved. 

In the case of the postauditory lateral-line primordia, the 
study of experimental as well as of. normal material shows that 

the three trunk lines of sense organs have separate primordia, 

and in this respect Amblystoma is similar to Necturus. The 

experimental results show that the occipital group of sense organs 

appeared in a few cases where the ectoderm in the anterodorsal 

portion of the gill swelling (fig. 61) was not entirely removed, al- 

though the ear was entirely removed. This condition implies 

the independence of the occipital primordia from the auditory 

placode and also indicates in embryos close to stage 21 the ability 

of the ectoderm in the anterodorsal region of the gill swelling to 

give rise to occipital primordia. The complete removal of the 

postauditory lateral-line primordia was not only accompanied 

by the absence of the groups of sense organs, but by an entire 
absence of the lateral-line ganglia. When only a few sense 
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organs appeared, correspondingly small lateral-line ganglia were 

present which innervated those sense organs. No evidence can 

be obtained that crest cells contribute to the formation of lateral- 

line ganglia. The morphological studies are misleading in this 

respect, for in many cases the close arrangement and contact of 

the early crest cells and placodes make an interpretation of the 

exact contribution of the two kinds of cells difficult to understand. 

In the study of the normal embryos the epibranchial placodes 

of VII, IX, and X could be located as early as stage 26-27 (fig. 4) 

and their contributions to ganglia could be followed up to stage 

36. The observations of these placodes agree in many respects 

with Coghill as to the placodal relation and contribution to the 

visceral ganglia. The removal of epibranchial placodes was 

found to be accompanied by a distinct lack of gustatory fibers in 

VII, IX, and X with no apparent disturbance to the general 
visceral system. In this respect the experimental results agree 

with Landacre’s explanation of the function of the epibranchial 

placodes in Lepidosteus, viz., that they give rise to special vis- 

ceral ganglia of VII, IX, and X. 
Goette (14) expresses the belief that the epibranchial and 

lateral-line placodes form, with the crest cells, a syncytial mass 

of cells out of which ganglia and nerves are formed which later 

join themselves up with the brain. Studies of experimental 

and normal amblystoma embryos show that certain definite 
portions derived from placodes and crest cells, although they 

mingle with each other, maintain their identity and are not to be 

considered a syncytial mass at any time. 
It has also been shown in Amblystoma that the neural crest 

originates from the dorsal portions of the contiguous surfaces of 

the neural folds at the time of the closure (fig. 13). These crest 

cells were followed by means of their difference in pigment and 

by the presence of fine yolk granules in their cytoplasm as they 

migrate ventrally over the mesoderm of the arches, always re- 

maining separate from the ectoderm. The wandering mass of 

ectoderm is of crest-cell origin only and does not in Amblystoma 

receive any contribution from the ectoderm on the lateral sur- 

faces of the head. Platt’s descriptions of Necturus show clearly 
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that the positions of the proliferating lateral ectoderm correspond 

to placodal regions and since the migration of crest cells soon 

produces a scarcity of these cells in the dorsal region of the neural 

canal and an abundance of crest cells in the region where placodal 

cells are given off, a condition is brought about which would lead 

to a confusion as to the origin of the wandering ‘mesectoderm.’ 
Aside from the different interpretation in the origin of the ‘mes- 

ectoderm’ in Amblystoma the manner of the formation of the 
branchial cartilages with the exception of the second basibran- 

chial agrees with the description which Platt (97) gives of the 

branchial cartilages in Necturus. This is fully in accord with 

Landacre (’21). The branchial cartilages with the exception of 

the second basibranchial have been conclusively shown to have 

their origin in the neural crest. At the time when this skeleton 

begins to take on a cartilaginous appearance the first basibran- 

chial extends a short distance posteriorly from the attachment 
of the ceratobranchial cartilages. This condition is somewhat 

misleading for it gives the appearance that the second _ basi- 

branchial is a posterior outgrowth from the first basibranchial. 

However, such is not the case, for a study of embryos about stage 

42 conclusively shows that the second basibranchial is formed out 

of mesoderm. near the anterior wall of the pericardial chamber 

and that this cartilage retains large mesodermal yolk granules 

for a long time after the branchial skeleton from the neural crest 

has lost all of its yolk granules (fig. 37). Amblystoma in this 
respect agrees with Landaere’s (’21) description of Plethodon. 

The experimental results show that some of the neural crest is 

incorporated in the connective tissue of the external gills as well 

as in the balancer, as Harrison (’21) has shown. How much more 

of the connective tissue in the branchial region is formed from the 

crest cells is impossible to determine at this time. 
In the case of the mandibular and quadrate cartilages the 

experimental results, as already stated, did not show as conclu- 
sively as the findings from the study of normal embryos that 
they are derived from the neural crest, because of the difficulty in 

eliminating the crest cells from the trigeminal region. Never- 

theless, the results do show that there was a decided diminution 
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in the size of those cartilages when the crest cells were removed. 

Although it was difficult to determine from the studies of normal 

embryos what became of the neural crest migrating over the 
dorsal and anterior margins of the optic vesicles, one case (fig. 81) 

in which the crest cells were removed in the trigeminal region 

seems to show conclusively that they form the anterior portions 

of the trabeculae. This is in accordance with the findings of 

Platt (97) and Landacre (’21). 

In no case do the crest cells enter into the formation of any part 

of the branchial musculature as described by Goronowitsch (’93). 

The musculature of the visceral arches is formed entirely from the 

mesoderm of those arches. No portion of the skull other than 

the anterior portion of the trabeculae is formed from the neural 

crest. 

The only contribution of the neural crest to the formation of 

cranial ganglia is probably to the general visceral portions of 

VII, IX, and X. This conclusion is substantiated by the fact 

that when the crest cells are removed from the branchial and 

hyoid regions, there is a distinct lack of general visceral fibers, 

while the gustatory, lateralis, and general cutaneous fibers are 

normal. 

SUMMARY 

1. Above the optic vesicle in early stages of Amblystoma there 

is an elongated ophthalmic placode which gives off cells to the 

formation of the ophthalmic ganglion. When the ectoderm in- 

cluding this placode is removed as early as stage 23, the ophthal- 

micus profundus V nerve and ganglion are absent. 

2. Near the anteroventral border of the supra-orbital lateral- 

line primordium is a small gasserian placode of brief duration 
which can be followed through stages 28 and 30. When a large 

area of ectoderm is removed from the region posterodorsal to 

the eye, deficiencies of the gasserian ganglion are produced. 

3. Lying close to the anterior border of the auditory placode is 

a prominent placode elongated in a direction toward the dorsal 

extremity of the hyomandibular cleft. It can be located as early 

as stage 25. When ectoderm in this region is removed, even 
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before the appearance of the placode, the supra-orbital line of 

sense organs is absent as well as a large part of the VII lateral- 

line ganglion. The small remaining VII lateral-line ganglion in 

such cases gives rise to lateralis fibers, which innervate the group 

of sense organs on the lower jaw, and also slender fibers to the 

infra-orbital group. 

4. The supra-orbital primordium of lateral-line sense organs 

arises from the anterior extremity of the VII lateral-line ganglion 

placode. 
5. The supra- and infra-orbital and hyomandibular primordia 

of lateral-line sense organs have separate seats of origin. 

6. The ventral hyomandibular and mandibular groups of 

lateral-line sense organs also appear to have separate seats of 

origin. | 

7. The epibranchial placodes of VII, IX, and X give off cells 

which become incorporated in the visceral ganglia, and when 

these placodes are removed from the ectoderm in early stages 

(23-26) no special visceral ganglia nor gustatory fibers can be 

found. ; 
8. The complete removal of ectoderm in the region of [IX and X 

which includes all the primordia of the lateral-line system is 

accompanied by a complete absence of lateral-line ganglia. 

When only partially removed, small lateral-line ganglia are 

produced. 
9. Large areas of ectoderm removed from the region of IX and 

X also show an absence of cutaneous fibers as well as visceral 

sensory fibers. 

10. The lateralis and special visceral ganglia are derived en- 

tirely from placodes, and the general cutaneous, for the most 

part if not entirely, is also derived from placodes. 
11. The neural.crest cells arise from the dorsal portion of the 

neural tube at the points of the fusion of the neuralfolds. They 
can be distinguished as early as the closure of the folds, and from 

this region they can be followed by their difference in pigmentation 

from the surrounding tissue and by the presence of small yolk 

granules in their cytoplasm as they descend upon the mesoderm 

of the visceral arches around which they wrap themselves and 
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later become arranged on the median surfaces of the arches where 

they form cartilaginous tissue. 
12. The wandering mass of ‘mesectoderm’ is of neural-crest 

origin and in no region is it augmented by a contribution from 

cells of the lateral ectoderm. 
13. The removal of neural crest in the branchial and hyoid 

regions is accompanied by smaller external gills and marked 

deficiencies in the branchial and hyoid cartilages. The hyohyals, 

ceratohyals, ceratobranchials, epibranchials, and first basibranchial 

are formed from the wandering neural crest, while the second 
basibranchial is formed from mesoderm near the anterior wall of 

the pericardial chamber. In the ganglionic regions the neural 

crest appears toform only the general visceral components. 

14. The removal of neural crest in the trigeminal region shows 

no complete absence, but deficiencies in the size of the quadrate 

and mandibular cartilages. However, there is no doubt that 

these cartilages are formed from crest cells. The regeneration of 

the crest cells always occurred in the operation of these specimens 

because they were necessarily confined to very early stages. 
15. The neural crest in the trigeminal region which migrates 

over the anterior border of the optic vesicles apparently gives 

rise to the anterior portion of the trabeculae. 
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