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THE CHROMOSOMES OF HUMAN SPERMATOCYTES 

H. L. WIEMAN 

University of Cincinnati 

FOUR PLATES 

An explanation of the remarkable difference in the conclu- 

sions of von Winiwarter on the one hand and those of Guyer 

and Montgomery on the other, concerning the chromosomes 

in human spermatogenesis, has been sought in the fact that 

while von Winiwarter based his opinion on a study of the germ 

cells of white men, Guyer and Montgomery studied negro ma- 

terial (Guyer, 14, Morgan, 714). That there should be a dif- 

ference in the number and behavior of the chromosomes in two 

races of animals does not strike one as an utter impossibility, 

but that the black race should possess 22 and 24 chromosomes, 

in the male and female respectively, while the white race should 

have approximately twice that number, namely, 47 in the male 

and 48 in the female, is rather astonishing to say the least; 

and certainly invites further investigation. 

I have had opportunity for some years past to study human 

chromosomes both in the germ cycle and in embryos. In the 

fall of 1915, however, I succeeded in securing specimens of both 

white and negro testes, preserved within two hours after death, 

which on examination proved extremely favorable for a com- 

parative study of the chromosomes of the two races. 

The white material was obtained from a healthy white man, 

37 years of age, who died from a stab wound (Cincinnati Gen- 

eral Hospital Case No. 5749). The negro material was secured 

from a medical case (Cincinnati General Hospital Case No. 3463). 

Microscopic examination and comparison with other negro 

testes in my possession showed an active and healthy prolifera- 

tion of germ cells that appeared to be entirely normal. For this 
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2 H. L. WIEMAN 

and other material I am greatly indebted to Dr. Paul G. Woolley 

Director of the Pathologie Institute of the Cincinnati General 

Hospital, to whom my thanks are due. 

The material was fixed in a modification of Bouin’s solution 

(similar to Allen’s B-15, used with and without chromic acid 

and urea) with excellent results. Sections were cut 7 micra 

in thickness and stained in two ways, namely, Schwaardemaker’s 

safranin and Lichtgriin, and iron alum haematoxylin. These 

two methods are excellent checks on each other. Of the two 

probably safranin-lichtgriin is the more valuable for counting 

chromosomes and for differentiating between chromosomes and 

plasmosomes. 

I. OBSERVATIONS 

The most favorable period in the germ cycle in which to 

study the chromosomes proved to be the dividing stages of 

primary spermatocytes and for this reason considerable atten- 

tion was devoted to this stage. As in most mammalian material 

the two principal difficulties in a study of this kind are, first, 

the fact that only rarely is a metaphase plate formed in which 

all of the chromosomes le in one plane, and second, a tendency 

for the chromosomes to adhere in clumps. Generally the 

chromosomes begin dividing before an equatorial plate stage is 

reached and one must be very careful in making counts not to 

omit chromosomes lying above or below the main group. Side 

and oblique views and, best of all, early anaphase stages are 

valuable in checking up polar-view observations. In cases 

selected for careful study only cells whose chromosome groups 

were entirely included in the thickness of the section were used, 

except as noted below. 

Figures 11, 12, 18, 14, 15 and 16 are drawings of primary 

spermatocyte chromosomes at what is approximately the meta- 

phase stage of division. In figures 11, 12, 15 and 16 no division 

has occurred, and 12 obviously bivalent chromosomes may be 

counted. In figures 13 and 14 one chromosome in each group 

has divided and the products of this division are marked a, 

and a». All of these drawings were made from white material. 
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Figures 17, 18, 19 and 20 represent the corresponding stage 

in the negro. <A careful study has revealed no essential differ- 

ences in the two races. In figure 20 one of the chromosomes 

has divided into a; and a.. The justification for this inter- 

pretation may not be entirely clear from the figure, but in the 

actual section the chromosomes a; and a» le respectively con- 

siderably above and below the level of the remaining chromo- 

somes. In figures 18 and 19 the m chromosome has divided 

into m; and ms. In figure 17, 12 undivided chromosomes may 

be counted. 
The chromosomes at this stage in either race show more or 

less constant differences in form and size. The most constant 

and conspicuous examples of this are seen in the large distinctly 

bivalent body, the components of which are unequal in size 

(XY, figs. 13, 14, 16, 17 and 18), and a small bivalent body m, 

appearing as a short constricted rod with rounded ends as in 

figures 12, 13, 14 and 15, etc., or as two spherules connected by 

a slender strand as in figures 17 and 20. As has been noted 

above, in figures 18 and 19 it has divided (m, and m.). 

Turning now to earlier stages, I have found abundant instances 

of dividing spermatogonia, but very few favorable for accurate 

counting. Figure 1 is a drawing of spermatogonial late prophase 

(white) in which 24 rod-shaped chromosomes may be counted. 

Figure 2 represents the same stage in the negro and likewise 

contains 24 chromosomes. The latter figure was drawn from 

two sections. I have not found it possible to identify in these 

groups the X and Y chromosomes. A pair of very small chromo- 

somes may be seen in either plate which probably represent the 

constituents of the bivalent m chromosome of the primary 

spermatocyte. 

The growth period is characterized by a very distinct bipartite 

chromatin nucleolus closely applied to the nuclear membrane 

and staining very intensely with the basic dye (figs. 4, 5, 6 and 

7). Its size varies at different times in the growth period. Thus 

in the early part of the period it is very difficult to distinguish 

it in the tangled chromatin threads, but as growth proceeds it 

becomes more and more prominent until finally it is the most 
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sharply defined object in the nucleus. Figure 5, x, y, shows it 

beginning to be recognizable. Figures 6 and 7 show it well 

developed. Its history and development are the same in both 

races. Figures 5 and 6 are from white material and figure 7 

from the negro. Figure 4 gives an idea of its variations in 

form and size. Occasionally its constituents form two separate 

bodies. A large plasmosome, P, is also present at this time 

but it may be readily distinguished from the chromatin nucleolus 

both by its spherical form and the fact that it takes the acid 
stain. The chromatin nucleolus is distinctly bivalent and the 

components are unequal in size. 

Figures 8, 9 and 10 illustrate some of the principal changes 

occurring in the prophase. In figure 8 the chromatin nucleolus 

(v, y) is rather sharply defined while the remaining chromosomes 

are ragged in outline and stain weakly. This section does not 

include the entire nucleus, a small part of which lay in the ad- 

jacent section. In some cases the distinctly bivalent character 

of these chromosomes may be seen. A cirele, straight and 

twisted V’s, and thick constricted rods may be seen. Inelud- 

ing the chromatin nucleus 12 bodies may be counted in this 

section; although it is incomplete—the cut ends of some of the 

chromosomes lying in the next section. 

Figure 9 shows the entire nucleus of a slightly later stage. 

The chromosomes have become more dense and deeply staining. 

Here again 12 bodies may be counted, as is also the case in figure 

10 which is a still later stage. The dotted outline in this figure 

represents the outline of nuclear membrane which is disappear- 

ing. The problem of how the process of reduction has been 

brought about will not be entered into at this time. 

From the facts discussed up to this point the following general 

conclusions are indicated: 

1. The chromatin nucleolus of the rest stage in both the white 
and black race is formed by the union of two unequal sperma- 

togonia] chromosomes and maintains its identity throughout 

the entire period intervening between the telophase of the last 

spermatogonial division and the prophase of the primary 

spermatocyte. 
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2. The remaining 22 spermatogonial chromosomes lose their 

distinctness of outline in the early part of the growth period 

to emerge later as 11 bivalent chromosomes in the prophases 

of the primary spermatocyte. 

Figures 21, 22 and 23 represent side views of the primary 

spermatocyte division in which at either end of the spindle are 

seen two unequal chromosomes very closely placed if not ac- 

tually united (XY, Yi, X» Ys) which I believe are the products 

of the divided XY ot the preceding figures. In these cases 

each element of the YY has divided longitudinally considerably 

in advance of the division of the remaining 11 chromosomes. 

The early division of the YY is not an invariable rule as may be 

seen from figure 25 in which one of the other chromosomes has 

divided into b; and 6, before the others. In other cases as in 

the anaphase pictured in figure 27 it is impossible to pick out 

the XY or its division products. In figure 26 two chromosomes 

are shown dividing in advance into c; c. and di, dz. It may be 

that in this ease X and Y elements became separated before 

dividing or it may be that two of the ordinary chromosomes 

have divided. Figure 28 is an anaphase in which the X Y moie- 

ties can be distinctly seen well in advance of the other chromo- 

somes. Figures 21, 22, 26 and 28 are from negro testes; figures 

23, 24, 25 and 27 from white. 

Figure 29 (white) shows an oblique view of an anaphase in 

which every chromosome has divided. The dotted line ab sepa- 

rates the two daughter groups each of which contains 12 chromo- 

somes. In this case the m chromosome is the last to divide. 

The products of XY are shown at XY,, and XY>,. Figure 30 

shows the same stage in the negro. Here likewise the dotted 

line ab is the line of demarcation between the two daughter 

groups each containing 12 chromosomes. In the telophase 

stage of figure 31, it is possible to count 12 chromosomes at the 

left pole—the right pole being not entirely clear owing to fusion 

of the chromosomes. In figure 32 a large plasmosome (P) is 

seen near one pole. Without proper precautions in staining 

this body might be mistaken for a chromosome. 
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There is a well marked interkinesis stage as has been noted 

by Montgomery and von Winiwarter. Figures 33, 34, 35 and 

36 represent typical appearances at this stage. The nucleus 

exhibits several chromatin nucleoli of various sizes. The fact 

that two of larger ones (figs. 83, 34, 71 y:) are much of the same 

shape as the chromatin nucleolus of the primary spermatocyte 

has led me to believe that they are the products of the divided 

NY. The appearance varies in different regions of the seminal 

tubules. In figure 35 and 36 for example the resemblance be- 

tween the chromatin nucleoli of this stage and the earlier pri- 

mary spermatocyte is not so clear. This is due, I believe, to 

the fact that the appearance of the interkinesis nucleus varies at 

different periods. In the early part of the period before the chro- 

mosomes have gone completely into the resting state one finds 

a larger number of chromatin masses than in later stages. There- 

fore if the resting stage of the primary spermatocyte be any 

kind of a guide, the stage at which the bivalent chromatin nu- 

cleolus shows most distinctly is the stage at which the ordinary 

chromosomes have practically disappeared, as in figures 33 

and 34 which show a remarkable resemblance to figure 7. 

Figures 37, 38 and 39 are late prophases or early anaphases 

of the secondary spermatocyte in which 12 chromosomes includ- 

ing an YY element may be seen. In figure 39 the XY is al- 

most separated into two parts. I have not as yet been able 

to work out in detail the subsequent division of the secondary 

spermatocyte. I can only point out what seems to be the ob- 

vious inference that in this division the XY element breaks at 

the point of union, the X and Y passing undivided to opposite 

poles of the spindle, while the remaining chromosomes all divide. 

The result would be that one-half of the total number of sper- 

matids would receive 11 chromosomes + X and the other half 

11 chromosomes + Y. 

IT. DISCUSSION 

In 1910 Guyer published an account of the chromosome: in 

human spermatogenesis based on the study of a negro testis, 

in which he described and figures 22 chromosomes in the sper- 

matogonial metaphase. 
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In a few instances two, apparently the two accessory chromosomes, 
were seen considerably to one side of the main mass of chromosomes, 
surrounded by a smail clear court of cytoplasm. Twelve chromosomes 
appear for division in the primary spermatocyte, of which ten are evi- 
dently bivalent and two accessories. The two accessory chromosomes 
pass undivided to one pole of the spindle considerably in advance of 
the other chromosomes with the result that half of the daughter cells 
in this division receive twelve, and half only ten univalent chromosomes 

: The ten univalent chromosomes which passed to the one 
secondary spermatocyte unite again in pairs, at least in the majority 

of cases, to form five bivalent chromosomes which appear at the equator 
of the spindle when the cell is ready for division. The division here 
presumably is an equation and not a second reduction division, judg- 
ing from the size, shape and general appearance of the resulting daugh- 
ter chromosomes. . . . . There is some slight evidence that the 
secondary spermatocytes may occasionally divide with these chromo- 
somes in their original condition of univalence. Ten of the twelve 
chromosomes which passed to the other pole of the spindle in the pri- 
mary spermatocyte behave in precisely the same way. . 2 he 
two accessory chromosomes come to the equator of the spindle i in the 
secondary spermatocyte with the five bivalent, thus making seven in 
all. Each accessory now divides so that the resulting spermatids 
each receive seven chromosomes; that is five bivalents plus two ac- 
cessory, or the equivalent of twelve univalent chromosomes 
Of the total number of spermatids, half have in all probability received 
ten and half twelve (10 plus 2) univalent chromosomes (pp. 230-231). 

Montgomery in 1912 based his study of human spermatogene- 

sis In part on portions of the same material studied by Guyer 

and in part on testes of another negro. In his paper he does 

not figure spermatogonial plates. In the late prophases of the 

primary spermatocytes he found 12 chromosomes. ‘“Ten of 

these must be gemini or bivalent chromosomes judging by their 

late history and by analogy with other species. . . . The 

two remaining elements are the univalent allosomes, but in 

these late prophases it is practically impossible to say which 

two these are’ (p. 5). It may be noted that Montgomery’s 

allosomes correspond to Guyer’s accessory chromosomes (.e., 

XX) and to what I eall the X and Y chromosomes. Montgom- 

ery believed, however, that there is considerable variation in the 

distribution of the X and Y chromosomes. In his own words, 

We may now summarize the allosome behavior in the primary sper- 
matocytes with respect to their distribution to the secondary sperma- 
tocytes and from this infer their distribution to the spermatids, using 
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the letters D and d to denote the larger and smaller allosome respectively. 
In so doing we should recall that each allosome divides only once in 
the course of the two maturation mitoses, and undergoes one trans- 
port (reductional) without division. 

Condition A, 59 cases. Both D and d at one spindle pole (of the 
first spermatocyte). Both would then go to one secondary spermato- 
eyte and in that one divide equationally. 118 spermatids would then 
ach contain + D and } d, while 118 would receive no part of these. 
This is the most usual condition and the one discovered by Guyer. 

Condition B, 5 cases. D at one spindle pole and d at the opposite 
pole. One secondary spermatocyte would receive D entire, and the 
other d entire. These dividing in the secondary spermatocytes would 
result in 10 spermatids each with 3 D and 10 each with 3 d. 

Condition C, 10 cases. D at one spindle pole, 4 d at that pole and 
4 dat the opposite pole. Half the secondary spermatocytes would 
receive only 4d, which does not divide again, consequently from this 
line would result 10 spermatids with 3 d and 10 with no allosome. The 
remaining secondary spermatocytes would receive D and 3 d; the 
former would divide in them but not in the latter, and there would re- 
sult 10 spermatids with 3 D and 10 with 3 D and 3 d. 

Condition D, 5 cases. D probably dividing at the equator (for it is 
absent at the poles), d at one spindle pole. Half the secondary sper- 
matocytes would receive d and 3 D; in them d would divide but not 5 D, 
and there would be formed 5 spermatids with $d, and 4 with } dand 3 D. 
The other secondary spermatocytes would receive only 3 D, which 
would not divide in them, consequently 5 spermatids would receive 
3 D and 5 would receive none. 

Condition EH, 3 cases. Both D and d dividing in the equator. Every 
secondary spermatocyte would then receive } D and 4d, and these 
would not divide again. It would then be a matter of chance how 
these allosomes became distributed to the spermatids. There might 
be: either 6 spermatids with } D and 6 with 3 d; or 6 spermatids with 
+ D and3d,and 6 spermatids with no allosomes. . . . That is 
(omitting condition EK) 42.09 per cent of the spermatids contain 2 allo- 
somes, the same number contain no allosomes, and 15.82 per cent 
contain one allosome. 

There are then in man certainly four classes of spermatozoa with 
regard to their allosome content, and possibly five or six. Scarcely 
any of the spermatozoa examined show abnormalities and no degenerat- 
ing ones were found, therefore there is no reason to believe that all 
but certain classes of sperm degenerate or prove incapable of fertiliza- 
tion (p. 9 and 10). 

Concerning another point Montgomery says (p. 12), 

Bardeleben held that a second reduction occurs in the secondary 
spermatocytes resulting in approximately a quarter of the normal num- 
ber in the spermatoids. Guyer found about the same result, conclud- 
ing of the secondary spermatocytes that ‘“‘half of them show five and 
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the remainder seven chromosomes.” .— . . I have seen no evi- 
dence of any kind of such a pairing of chromosomes in the second sper- 
matocytes, neither in my own material nor in that received by Guyer, 
although I have examined fully two hundred division stages of these 
cells. Of decisive value are such cases, of which several are figured 
by me, where all the chromosomes can be distinctly seen on lateral 
views of spindles of the second maturation. The only explanation 
I can offer for this conflict of opinion is that Bardeleben and Guyer 
either employed too intense staining of their sections, or else studied 
cells in which the chromosomes had been greatly swelled by fixation 
and hence not clearly distinguishable. 

I might say in passing that my own observations Jead me to 

agree with Montgomery’s explanation of the so-called second 

reduction. 

Von Winiwarter (12) used for his study of human spermato- 

genesis sections of testis of four men (presumably white) aged 

21, 23, 25 and 41 years, all which seemed to be free of any venereal 

taint or infection. He states that the material was well fixed 

and offered abundant opportunity to study chromosomes un- 

der favorable conditions. He does not state how soon after 

death the tissues were fixed in the weak Flemming, modified 

by Meves, which he used. 

As to the number of chromosomes in the spermatogonia he 

states (p. 130), ‘“‘In 32 plates I count 47 chromosomes 29 times, 

46 chromosomes 2 times and 49 once.’ A careful study con- 

vinces him that 47 is the bivalent number in man. It may be 

noted that he also found occasional plates containing 65, 70, 86, 

ete., up to 100 and 150. These he considers in the nature of 

exceptions common to the germ cycle of all animals. 
In the nucleolus of the resting stage, he finds an acid staining 

nucleolus (plasmosome) and an elongated bacilliform, basic 

staining body, the chromatin nucleolus or accessory chromosome, 

which les close to the nuclear membrane. In the prophases 

of the primary spermatocyte the accessory chromosome shows 

no evidence of duality in structure. The remaining chromosomes 

showed a pronounced bivalent appearance. In the majority 

of cases he finds 24 chromosomes, only one of which, the ac- 

cessory, fails to divide in the ensuing division of the first 

spermatocyte. 
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A second rest stage or interkinesis follows. In the prophases 

of the second spermatocyte all of the chromosomes appear bis- 

cult-shaped. Of 25 plates examined 24 chromosomes were 

found 15 times, and 23 chromosomes 10 times. All of the chro- 

mosomes divide in this division giving therefore two kinds of 

spermatids; one half the total number containing 23 and the 
other half 24 chromosomes. 

Von Winiwarter further found in the ovary of a four month 

foetus three cases of dividing cells in which 48 chromosomes 

could be counted, thus partially at least realizing the expectation 

indicated by his study of the testis. 

L’espéce humaine male comporte 47 chromosomes somatique, |’es- 
péce femelle 48. La fécondation d’un oeuf, contenant 24 chromosomes, 
par un spermatozoide a4 24 chromosomes aboutit au chiffre 48 e’est- 
a-dire A une femelle, la fécondation par un spermatozoide 4 23 chromo- 
somes au chiffre 47, 4 un male (p. 145). 

It will be readily understood from the foregoing that while 

my findings incline more toward agreement with those of Guyer 

and Montgomery than those of von Winiwarter, there are a num- 

ber of points of difference. 

In the first place I believe that the spermatogonia contain 

24 chromosomes rather than 22. The determination of the 

number based on counts ot spermatogonial plates alone is not 

a simple matter in such difficult material and a difference of 2 

in 24 is not a great deal. As a matter of fact I have never 

counted less than 24 in material and in a few cases 25 and 26. 

However, the evidence from the study of the growth period 

and spermatocyte division figures taken in conjunction with 

the facts of spermatogenesis in other animals Jeaves no doubt 

in my mind that the bivalent number in the material studied 

by me is 24 rather than 22 or 47. 

In the rest stage there is a well defined chromatin body con- 

sisting of two unequal parts occasionally separated. Mont- 

gomery (in figs.2, 3, 4, 5, 6 of his paper), pictures this body some- 

times with the constituents united and sometimes separated. 

I have seen both conditions in my material, but more often 

with the parts united. Guyer’s figures are indecisive on this 
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point since they do not show the plasmosome. Von Wini- 

warter’s claim that this body is single, 1.e., unpaired, I can not 

confirm. 

This bipartite chromatin body seems to be an unequal pair 

of idiochromosomes which can be traced from the telophase of 

the last spermatogonial division through the rest stage to the 

prophase of the primary spermatocyte (figs. 5, 6, 7, 8, 9 and 10). 

In the prophases and in the later metaphases 12 presumably 

bivalent chromosomes may be counted, counting the XY pair 

as one. Guyer and Montgomery also find twelve chromosomes 

at this time but they consider the X and Y as single univalent 

chromosomes forming two of the twelve. 

I have already considered Guyer’s and Montgomery’s inter- 

pretation of the distribution of the two idiochromosomes. I 

too have found side views which support Guyer’s view that the 

two (accessory chromosomes) pass undivided to one pole of the 

primary spermatocyte spindle. I also find division figures 

illustrating the various possibilities considered by Montgomery; 

but I am inelined to believe that X and Y divide in this division 

both from the undeniable evidence of side views (figs. 21, 22, 

23 and 28) and, what seems to me is more important, from the 

fact that I always found that daughter groups in anaphase 

stages contain an equal number of chromosomes, namely 12, 

counting the two parts of the divided X Y as one (figs. 29 and 30). 

It may be, of course, that an occasional variation in the distribu- 

tion of this body does occur, but the evidence from my material 

points to its division in the primary spermatocyte as the usual 

method of distribution. It may be noted that Montgomery 

also found this condition in a number of cases (‘‘Condition E’’). 

I can confirm Montgomery and von Winiwarter in the pres- 

ence of an interkinesis stage. The occurrence of chromatin 

structures in the nucleus at this time comparable to the chroma- 

tin nucleus of the primary spermatocyte also points to the divi- 

sion of the XY in the first maturation mitosis. 

In the secondary spermatocyte division I find 12 chromosomes, 

one of which in most cases can be identified as XY by its pe- 

culiar shape. I have not been able to determine by direct ob- 
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servation of anaphases what happens in this division. Every- 

thing would point, however, to a division of all the chromosomes; 

X and Y being separated and passing to opposite poles. 

I am utterly unable to confirm von Winiwarter’s statements 

and figures as to the number of chromosomes. I have occa- 

sionally found giant spermatogonia in which about 48 chromo- 

somes could be counted, but these from their rarity obviously 

cannot represent the normal condition. Figure 3 shows a met- 

aphase plate of one of these giant cells. Further, the difference 
in results cannot be due to difference between European and 

American, because it happens that the subject whichfurnished 

the white human testis on which most of my observations are 

based was a native of Germany. It would appear from the most 

recent evidence of other investigators that conditions described 

by von Winiwarter constitute an exception the explanation of 

which is not yet clear. 

Ill. SUMMARY 

1. The metaphase plates of human spermatogonia contain 

24 straight or bent rod-shaped chromosomes, two of which are 

presumably idiochromosomes forming an XY pair. 

2. Throughout the growth period of the primary spermatocyte, 

the idiochromosomes persist as a basic staining bipartite body 

whose components are sometimes separated in which case there 

are two chromatin nucleoli in the nucleus instead of a single 

paired one. 

3. In the prophase of the primary spermatocyte 12 bivalent 

chromosomes appear, one of which is the XY pair. 
4. The XY pair divides longitudinally in the primary sper- 

matocyte division. The remaiming 11 bivalent chromosomes 

also divide in this division but whether quantitatively or quali- 

tatively was not determined. 

5. An interkinesis stage follows in which the nucleus contains 

a double chromatin body resembling the chromatin nucleolus 

of the first spermatocyte. It is suggested that this body is one 

half of the longitudinally split XY Y pair of idiochromosomes which. 

persist throughout the interkinesis stage. 
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6. The second spermatocyte metaphase plates contain 12 

chromosomes, one of which can be recognized as a half of the 

split XY pair. In the division it is assumed that the X and Y 

constituents pass undivided to opposite poles while the remain- 

ing 11 chromosomes all divide. The result would be that one 

half the spermatids receive 11 ordinary chromosomes plus X 

and the other half 11 plus Y. 
7. The number and behavior of the chromosomes in the sper- 

matogenesis of the white and negro races of man is the same in 

the material studied. 
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EXPLANATION OF PLATES 

All figures are table level drawings outlined with the camera lucida at the 

magnification produced by 1.5 mm. Zeiss objective and 18 compensating ocular. 

Details were drawn in with the same objective and 12 compensating ocular. 

The monobjective binocular microscope was found to be very useful in verifying 

the findings of the ordinary compound microscope. Owing to differences in 

angle from which the chromosomes were drawn, there is some variation in size 

of individual chromosomes in different figures. The figures have been repro- 

duced ¢ off. 

ABBREVIATIONS 

X, Y, the members of a pair of unequal m, small bivalent chromosome. 

idiochrosomes. 

x, y, the members of bipartite chroma- p, the plasmosome of the primary sper- 

tin nucleolus of the growth period matocyte. 

of the first spermatocyte, and also of 

the interkinesis nucleus. 

Other abbreviations explained below. 

PLATE 1 

EXPLANATION OF FIGURES 

1 Spermatogonium, late prophase, white, showing 24 chromosomes. 

2 Spermatogonium, late prophase, negro, showing 24 chromosomes. 

The difference in size in the two figures is, I believe, without special signifi- 

cance. Figure 1 is from a Safranin-Lichtgrun preparation and figure 2 from an 

iron-alum-haematoxylin slide. The latter is reconstructed from two adjacent 

sections. 
3 Large abnormal spermatogonial metaphase, white, showing approximately 

48 chromosomes. 

4 Examples of various types of chromosome nucleolus. 

5 and 6 Primary spermatocyte, growth period, white. 

7 Primary spermatocyte, nucleus, growth period, negro. 
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PACE 2, 

EXPLANATION OF FIGURES 

8,9 and 10 Primary spermatocyte, prophase, white. 

11, 12, 13, 14, 15, 16 Primary spermatocyte, metaphase plates, white, show- 

ing 12 chromosomes. In figures 13 and 14 chromosomes a; and az are the halves 

of a divided chromosome. In figure 16 the m chromosome is seen from the end 

and therefore presents a round profile. 
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PLATE 3 

EXPLANATION OF FIGURES 

17, 18, 19 and 20 Primary spermatocyte, metaphase plate, negro, showing 

12 chromosomes. In figure 20 a; and az are the halves of a divided chromosome. 

In figures 18 and 19 m has divided into m, and mz. 

21 and 22 Primary spermatocyte, metaphase side view, showing XY ele- 

ments divided longitudinally before the other chromosomes; negro. 

23, 24 and 25 Primary spermatocyte, metaphase side view. In figure 23, 

the X Y element has divided. In figure 24 none of the chromosomes have divided. 

e is a large bivalent chromosome out of plane with the majority of the chromo- 

somes. In figure 25 b; and bs are parts of a divided chromosome probably not 

the XY; white. 

26 Primary spermatocyte metaphase side view showing at C1, ¢2, di; and d» 

the halves of two chromosomes already dividing. These may or may not be the 

products of the YY chromosome; negro. 

27 Primary spermatocyte anaphase showing most of the chromosomes di- 

vided; white. 

28 Primary spermatocyte anaphase showing the divided XY element at 

either pole and away from the other chromosomes; negro. 

18 
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PLATE 4 

EXPLANATION OF FIGURES 

29 Primary spermatocyte anaphase, oblique view showing 12 chromosomes 

at either pole. The dotted line a—b separates the two groups; the m chromosome 

is the last to divide; white. 

30. Same stage as figure 29; negro. 

31 and 32 Primary spermatocyte telophase. In figure 31 12 chromosomes 

may be counted at the left pole of the spindle. The chromosomes at the other 

were fused and indistinct. 

In figure 32 a large plasmosome may be seen near the lower pole of the spindle; 

white. 

33, 34, 35 Characteristic interkinesis stages, showing chromatin nucleoli 

which suggest the X and Y elements. In figure 35 the X element lies above the 

Y element which is not shown; white. 

36 Interkinesis stage showing 2 chromative nucleoli which very likely are 

the separated X and Y; negro. 

37 Secondary spermatocyte metaphase plate showing 12 chromosomes; white. 

38 and 39, Secondary spermatocyte plate, showing 12 chromosomes; negro. 
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CHANGES IN THE COMPOSITION OF THE ENTIRE 
BODY OF THE ALBINO RAT DURING 

THE LIFE SPAN 

S. HATAI 

The Wistar Institute of Anatomy and Biology 

ONE CHART 

The present investigation is intended to supplement a series 

of anatomical data which have already been recorded on the 

erowth of the albino rat during its life span. As a first step in 

the chemical investigation of the body as a whole, the changes 

in the composition of the entire rat at different ages in respect 

to its four main components; water, protein, fat and ash, have 

been determined and the results are presented in the following 

pages. . 

In making the present analysis, the body was dried in an oven 

at the temperature of 95°C. and the dried residue thus obtained 

was subjected to a further analysis. Koch’s (713) investigation 

shows that the material which has been dried by heat yields 

slightly greater amounts of water soluble materials than the 

fresh material which has been immediately placed in alcohol. 

Consequently the value of the water extractives given in this 

paper may be slightly high, nevertheless I feel that even if such 

a difference occurs it is negligible when the degree of individual 

variation is considered. 

I may state also that the extraction by ether and alcohol was 

carried on until no more typical lipoid color was visible, even 

after three hours continuous treatment. In isolating the water 

soluble fraction from ether-alcohol extractives, I have followed 

the technique devised by Koch and Mann (09). 

The albino rats used for the present investigation were ob- 

tained from the colony of rats kept at The Wistar Institute and 
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were in good health. In all cases the contents of the entire 

digestive tract were carefully removed before the body was 

dried for further analysis. 

1. External bodily changes during the first six weeks of life of the 

albino rat 

A brief deseription of the external bodily changes during the 

first six weeks of life may assist us to interpret some of the chemi- 

eal changes which are in progress at this time. I shall there- 

fore present a brief diary of this period. 

a. Rats are born naked. ‘The eyes are closed. 

b. At the end of one week the skin shows a tinge of white 

due to a growth of minute hairs. The eyes are still closed. The 
body has more than doubled its initial weight. Mulk is the ex- 

clusive diet. 

c. At about fourteen or fifteen days of age the eyes open. 

The body weight is more than three times that at birth. The 

skin is covered with short hairs. Milk is still the exclusive diet. 

d. At twenty-one days after birth the rats are running about 

the cage and occasionally eat bits of food present in the cage. 

Thus the diet is mainly milk and in small part other food stuffs. 

The hairs ave long and the coat velvety. 

e. From this period on the rats grow without showing any 

marked external alterations except the enormous growth of the 

testicles in the males at the age of four to five months. 

We see from the foregoing that the greatest external changes 

take place within the first three weeks, that is during the period 

when the rats are feeding entirely on milk. It will be seen later 

that the greatest changes in composition also take place within 

this same brief period. 

2. Composition of the stomach contents 

As has been stated, milk is the exclusive diet of the rat for 

the first three weeks of life, the period during which the most 

important changes in the composition of the body take place. 

It is highly desirable therefore to obtain data on the chemical 

composition of the milk. Difficulty at once arises in obtaining 
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directly a sufficient quantity of milk for investigation. I have 

therefore decided to follow a somewhat indirect method and to 

examine the stomach contents of young rats that are taking 

mother’s milk exclusively. Although the composition of the 

stomach contents may not exactly represent that of normal 

milk, nevertheless by care in collecting it before it has been 

acted on by the gastric juice for any length of time, we may 

yet obtain some useful information. The following is the 

table showing the chemical composition of the stomach contents 

which had been carefully collected from the rats one to fourteen 

days old. 
TABLE 1 

Showing the composition of the stomach contents of the young rats which are taking 

mother’s milk 

WATER SOLIDS RESIDUE FAT ORGANIC EXTRACT 

per cent of | per cent of | per cent of | per cent of | per cent of | per cent of 
BER Ceee percent solids moist weight solids moist weight solids moist weight 

54.42 45.58 2 Dealal OP 69.13 Sor Heal 2.43 
| 

ASH IN AS ES 
SOLUBLE SALTS FIXED SALTS TOTAL ASH LIPOID FREE} Pasmur 

| SOLIDS 3 

per cent of | per cent of | per cent of | per cent of | per cent of | per cent of ; 
solids moist weight solids moist weight solids moist weight TARGA per cent 

2.00 0.93 te i ORGS 3.50 1.61 11.08 6.22 

I give also in table 2 the data on the chemical composition of 

the milk of several other mammals (compiled from the data 

given by Konig ’03) which may be compared with that of the 

albino rat. 
The comparison reveals the fact that the ‘milk’ of the rat is 

highly concentrated, and thus the content of the fat is remark- 

ably high. Whether or not this high concentration of the milk 

was due to a rapid elimination of water from the stomach to 

the lower part of the digestive tract, cannot be determined, though 

I may remark in this connection that the absorption of water 

through the stomach wall is insignificant, and at the same time 

the gastric secretion must tend to increase the water. It appears 

therefore that this high concentration of the milk noted above, 

might after all indicate a normal condition of the fresh milk. 
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TABLE 2 

Showing the data on the composition of the milk of several mammals compared with 

that of the stomach contents of the suckling albino rats 

PERCENTAGE COMPOSITION OF SOLIDS 

SPECIES WATER 

Protein Fat Lactose Ash 

per cent 

Wai eeeeeey geen es. icy is eel | ROT OS 16.22 30.11 51.28 2.39 

ropes er aS wie tocenk tee ee 87.17 27.68 28.76 38.03 9595 

(CEs 35-4 Sia oe aR a Oe ree 81.63 49.42 18.29 26.72 5) 0 

TBO Oreeecteee aes = a2 hanire Soa 77.00 42.26 40.25 1352 2.97 

allo lute ios stossios, coat eae 69.50 50.95 34.26 6.39 8.40 

Rat (stomach contents)........ 54.42 Ppa AT 69.13 Opole 3.50 

' Water extractives. 

I shall discuss the content of fat later in connection with the 

content of fat in the entire body during the suckling period 

(p. 30). I may state here simply that the high fat content of 

rat’s milk is easily understood when the other components 
are considered. 

Another interesting fact which is to be noted is that the pro- 

tein content of the milk in relation to the rate of body growth 

in the rat is quite harmonious with other mammals, as will be 

seen from the following table (after Abderhalden ’99). 

It appears from this agreement in relations that the stomach 

contents here analysed may fairly well represent the composition 

of the normal fresh milk. 
TABLE 3 

Showing the relations between the protein content of the total milk and the rate of 

body growth in several mammals 

zee ZES 
MPa 52a 

ime SRE ae O22 
SPECIES a Z, ASH SPECIES a Zz ASH 

5 eI = = De & a on E 
oa=a fe) oun S 
Pay ry a a 

per per per per 
cent cent cent cent 

INIT scree eee tee 180 162! HOS2 Oe Mee crus oe pees 14 5e 2] 10ss0 

Horse 60 xa) |) O).40) || Care gi 7205) 1202 

COWE re ei eee 47 3) Ou Ok eID O Cee ieee eae 9 eee) Wee 

(CRORE Rega ch eee 22 Berman Vistiter || TRUS Maint ae 6.8 wine se 6 LOFTS | PG 

ITC seen Se ee NGS IP ERO) I Hb || IeHOoNIS Ss cocone ce oe 6 14.4 | 2.50 
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3. The growth of dry substance 

In order to determine the amount of moisture in the body, the 

rats (after two weeks of age) were minced in the meat grinder. 

During the process of grinding a slight amount of blood and 

tissue is lost. However this loss is neghgible in comparison 

with the entire body weight. Some water is also lost from 

evaporation, though it may be very slight, but as we are esti- 

mating the moisture in terms of the intact body weight, such 

loss will not disturb the results. The bodies of the smaller 

rats were dried directly after several incisions had been made 

on the body, as well as an opening into the skull. The bodies 

were dried in the oven at a temperature of 95° to 98°C. for 

one week. One week at such a temperature is more than suf- 

ficient to bring the material to a constant weight. 

The weight of the dry substance during the first six weeks of 

life, together with that at 294 days, is given in table 4, and its 

graphic representation in chart 1. 

TABLE 4 

Showing the growth of dry substance during the life span of the albino rat 

AGE IN DAYS 

Birth 7 15 22 28 35 42 294 

Numaber..of rats: 0 ...4 .cccask 43 a 9 5 3 3 3 2 

IByOVoliwe NIN coacgegoe book AL 33) O32 1) Be |) PEED | 4B || Gy || GD} |) 27 

Water, percentage. ..n2.. 4. BP || Wats || HAs) | COG || CVG || WOs@ | Cats || Gs) .c) 

SOC, Gis boecnsoades ORG ez Boe |) 8 | 4b 4 | Ty |) AO). 1 96.4 

Solids, percentage......... L2ESPZOL2 A 27 294s SORE P2984) | SOR GN ise ai 

Chart 1 shows that the dry substance increases very rapidly, 

especially during the first two weeks of life. At the end of the 

third week the proportional amount of solids in the entire body 

(30 per cent) reaches almost the maximum (35 per cent). Thus 

after the end of the third week the increase is small compared 

with the increase which took place during the first three weeks, 

and indeed at the end of one year its increase is only slightly 
over 5 per cent more than that at the end of the third week. 

This rapid increase of the dry substance is extremely interest- 

ing in view of the high value reached while the young are 
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still nourished almost entirely by mother’s milk. According to 

Donaldson ('06) the life span of the albino rat is about one- 

thirtieth of that of man. ‘Taking man’s normal span as ninety 
years and that of the rat as three years, we find that twenty- 

one days of rat age corresponds nearly to the end of the second 

year of childhood in man. Whether or not the dry substance 

of the human body approaches 90 per cent of the maximum at 

the end of the second year will be an interesting point to deter- 

mine. Unfortunately this determination can not be made from 

| | ree 
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Chart 1 Showing the growth of the dry substance of the albino rat during 

its life span. 

the existing data. There are however in the literature data 

on other mammals, and I have compiled the following table from 

the data given by Aron (715) to show the relative growth of 

the dry substance in several other mammals contrasted with 

such growth in the albino rat. 

On account of the lack of necessary data we are unable to 

judge the growth rate of the dry substance in other mammals 

during their suckling period. Nevertheless we note from table 

5 that the rats are born in the most immature condition, so far 

as the proportional weight of water and solids is concerned. 
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Showing the relative growth of the dry substance in several mammals compared with that in 

the albino rat 

SPECIES RAT MAN CAT DOG PIG RABBIT MOUSE Buhay 

ee New born| 5 months 21 days | Embryo 
(fetal) (fetal) 

Per cent of dry 
substance.... 12.81 12.73 8360 12.84 

JNO OG seletseac SEE 7 days |7months| 9 days | Birth | Birth | 30days | 4days 

(fetal) (fetal) 

Per cent of dry 
substance....| 20.21 19.25 20.33 | 19.40 | 21.46] 20.60 20.2 

PU Cmerrene ts, oe 15 days |Newborn/14 days | 28 days 14 days 

Per cent of dry 

substance.... 27.14 27.35 26.19 | 27.60 27.70 

APCe cseut ss ee|| 2hdays | 56 ‘days 28 days 21 days | Grown 

Per cent of dry 

substance.... 29.39 29.85 29.30 29.2 29.99 

Lae Grown Grown | 83 days |100 days Grown Grown 

Per cent of dry (294) 
substance....| 34.7 32-4. || Geosao |, ol 10 30.77 32.92 

Indeed the percentage of solids in the rat at birth corresponds 

with that of the foetal life of the other mammals here recorded. 

This immaturity of the body at birth and subsequent rapid 

growth of the body during the first three weeks must naturally 

call for an appropriate quality and quantity of the milk itself. 

The present results on the growth of dry substance agree with 

those obtained by Lowrey (713) who has not only determined 

the dry substance of the entire body of the albino rat, but also 

that of its various parts and systems. The only disagreement 

between the results of Lowrey and of myself is exhibited by the 

percentage of dry substance of the body at birth. Lowrey gives 

11.7 per cent of solids, while I find 12.8 per cent. I am unable 

to explain this discrepancy at the present moment. 
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4. The composition of the dry substance 

Definitions of the terms used for the fractions of the dry sub- 
stance recorded in table 6 are given in the following paragraphs. 

TABLE 6 

Showing the percentage composition of the solids of the albino rat during the life 

span, as represented by the residue, fats, organic extractives, soluble salts and 

fixed salts 

AGE IN DAYS 

Birth 7 15 22 28 35 42 294 

Residue...:...<...62..<2+:| 569 194270) 39.9) | 38.8: 38.6 | 44.9.) 44 4s eae 

Percentage of moist weight) 7.3 | 8.5 LOE Se | else 2e| USA Om Millom 

bari aeent atte mee ees csde cite cee NE || ein) GO |] Xan || eed || 2: : 

Percentage of moist weight.) 1.8) 7.2] 10.6] 10.8 }.11.5|) 7.6] 8.3 Diath 

Organic extractives....... 1 

Percentage of moist weight bo mS 

Se = 

Soluiblemsalitstees... nee GeO ZEN EO | BoA Bad | Wass Be | 2.8 

Percentage of moist weight} 0.8| 0.9] 0.8] 0.9] 1.0 4 (O28aeOes 

IMS @axol SEUSlos oboocgawaneoess|? G8) | Hz B |) Ws |) Bats 52a) SOON immciees 

Percentage of moist weight MN SO) | UR AO WO ee | Ber |) @@ 

1. Residue. The residue is represented by the solids from 

which all substances soluble in boiling alcohol and in water, as 

well as the salts, have been removed. Thus the residue as here 

defined represents practically all the protein substances. As 

will be seen from the table, the residue expressed as a percentage 

of the moist (= total) weight increases steadily from birth on- 

wards. However the residue considered as a fraction of the 

dry solids is highest at birth and diminishes gradually until the 

end of the lactation period, after which it rises again. This 

change in the relative residue content is probably caused by 

the variations in the proportion of fat. 

2. Fat. Fat is represented by the substances, soluble in boil- 

ing alcohol, from which the water soluble organic extractives 

and salts have been removed. From the table we find that the 

rat at birth has a very small amount of fat. The fat however 
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increases very rapidly during the first week and then at a some- 

what slower rate. This change in the fat content is seen whether 

the fat is considered as a fraction of the moist weight or of the 

dry solids. This very rapid increase of the fat during the lac- 

tation period seems to be accounted for by the very high con- 

tent of the fat in the milk. The diminution of the fat, after 

the lactation period is over, is very noticeable. 

This may be partly due to the rapid formation of the support- 

ing system or tissues in general or, more probably, to an in- 

creased metabolic activity. It must be stated that so far as 

our experience goes, the rats are seldom fat as the age ot five or 

six weeks. 

3. Organic extractives. All water soluble substances from which 

the salts have been removed are here called the organic extrac- 

tives. Since the organic extractives are mainly intermediate 

metabolic products of the various organs and tissues, we should 

expect their variation to be more or less in conformity with those 

of the residue. This expectation is well realized since they 

increase steadily as the body weight increases (see per cent in 

terms of moist weight). When this group is considered as a 

percentage of the dry substance, it is found to be highest at 

birth and then to decrease towards the end of the lactation pe- 

riod, after which there is another steady increase. In general 

therefore its variation is related to the variations of the residue, 

and is an index of growth and activity. 

4. Scluble salts. The salts so designated were obtained from 

all the extractives made both with water and with alcohol. 

The soluble salts exist in the body probably either dissolved in 

the various body fluids or loosely combined with various tissues. 

The salts, considered as a percentage of the moist weight, are 

nearly constant and the value is also the same as that for the 

milk (stomach contents). I am unable to explain this curious 

phenomenon. The soluble salts as a fraction of the dry sub- 

stance decrease slowly but steadily from birth onwards. 

5. Fixed salts. ‘The solids from which fat, organic extractives 

and soluble salts had been removed were incinerated and the 

ash thus obtained is here called the fixed salts. These salts 
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therefore represent practically all salts present in the osseous 

system. Thus in as much as the fixed salts represent practically 
all bone ash, we should anticipate an increase of this fraction 

from birth onwards. This appears to be the case. 

4. The composition of the entire body of various mammals at different 

ages 

It should be recalled that the protein substance given by 
most other investigators is equivalent to the weight of ‘nitro- 

gen X 6.25.’ Since the organic extractives in the present in- 
vestigation are mainly nitrogenous substances, the residue in 

the present case and the protein substance as determined by 
other methods should not theoretically agree, the latter being 

somewhat high. As to the fat, most investigators designate 

alcohol and ether extracts collectively as fat, while the fat in 

the present case in represented by the alcohol-ether extractives 

minus organic extractives and salts. Thus the two data should 

not theoretically agree. To meet the difficulties Just mentioned, 

and also to make as nearly similar as possible the two sets of data, 

the organic extractives were added to the residue and to the 

fat in the proportions of two to the residue and one to the fat. 

This correction is however open to further modifications. For- 

tunately however only comparatively small quantities of the 

organic extractives and salts are extracted by the alcohol and 

ether and thus the two kinds of data, our own and those from 

the literature, may be compared directly for the purpose of a 

rough determination. I have however adopted these corrected 

values where the present results on the rats were compared with 

the data given by the other investigators on various animals 

(table 7). 

I now wish to compare the analysis of the rats with the analy- 

ses of several mammals as recorded by other investigators. 

With the exception of those for the rat, the data which are 

given in this table have been obtained from papers published 

at various times by several different investigators (Aron 715). 

It must be remembered therefore that the data are highly hetero- 
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TABLE 7 

Showing the data on the growth of protein, fat and ash in various mammals, asso- 

ciated with the growth in body weight, as well as the changes in the water content 

of the body 

SPECIES AGE eae WATER | SOLIDS ea FAT ASH 

grams | ea en eae 

Mane AS shs es) 534 months fetus 508.0 | 86.9} 18.1] 8.1 ibe | aed! 
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JRIDIRE 5 ee eae Birth Avy (sees || WHS TS I As Le 

ay ee os 7 months 116.9 | 81.8°| 18.2104 "| 322) | 2.9 

premature birth 

Rabbits. 5.. <. Birth 38.4 | 79.4 | 20.6 | 11.5] 4.9) 2.5 
Di ne 2 days 267.0 | 80.5 | 19: baleipe2s |) 1.9) 28 
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BPE Bae cauecte Birth 15726.0'| 8050) 20/00pises | 14 as : 

Rater. Tasca 7 days LORZA79 83 QOS ORT 8.0 2.0 

80).3 | L957 | ize Bars Zao 

UE New born 505820 | 72.7 | 2a ete |) 10475) 256 
110) ee ee 44 days 1,460.0 | 72.8 | 27.2)) 14.5 | 10.3 | 2.7 
Cl Ce Os 14 days 515:0 |). 7328426 52ee ror Onl eds | 2a 

REM Regia EAB ane oe 15 days 1355 72.9 Zire sels Pals 2.2 

; 73:1 626) 9cielano: | 1040)|) 275) 

Mantes aa sers 28 days 3,838.0 | 69.7 | 30.3°| 138.9} 13.1 | 3.1 

Rabbits. 2. Grown 1480).0_ | 6922 \oOlOs Se 2 |) 78) (oe 

120) Ses aoe 52 days 2-011 .0 | COLL p2029n 1336 | 12.1) ee 2e9 

TREK Paes ace ea 32 days AWC) || WO)oi1L || 2Q-8) |) ieseee |) lea 3.2 

698i S0F2) | 15.4 || TL0 3.8 

| D0) ee eee 49 days 1,985.0 | 64.6 | 35.3 | 138.4 | 18.9 | 2.8 

Calera see 83 days IB) || O57 |) S583 | AO) 7.8) |) Sse 

Guinea-pig...}| Grown AQA_O | 67.1 32.9) | 19.9 | 10.05) 4-4 

Oe ol 294 days 277.5 |nGbes Weted e220 eo. Qa aed 

fer) lor) Ls) Ww oo oO —_ @ We) —_ _ or Oo lor) 

geneous as to the method of analysis, as well as to the condition 
and number of animals, and all of these facts should be con- 

sidered when interpreting the data. 
The data are arranged in five groups. In group 1 the animals 

whose bodies give the percentage of water which is nearly the 
i 
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same as that given by the albino rat at birth are contrasted 

with one another without regard to either calendar age or body 
weight. Similarly in the four remaining groups the animals 

whose bodies give an amount of water nearly the same as that 

of the rat at 7, 15, 32 and 294 days respectively are also compared. 

The table may be analysed from various standpoints. 

1. Age and body weight. Despite the fact that the percentage 

of water in the body is practically the same in the several entries 

composing a group, the corresponding ages or body weights vary 

widely in the different species. — | 
This fact may be taken to mean that the different species 

have a dissimilar rate of growth in body weight and require 

different intervals of time in order to pass through the several 

values for the percentage of water which lie between the two 

limiting values of 88 per cent and 65 per cent found in all mam- 

mals so far examined. Thus the percentage of water on the 

one hand and body weight or age on the other are not similarly 

related in the mammalian series. 

2. Percentage composition of solids. On the other hand if 

we compare the percentage composition of the solids (protein, 

fat and ash) given by the various mammals, when they possess 

a like percentage of water, a surprising uniformity is shown. 

In general, similarity in the percentage of water gives similarity 

in all the other main chemical components. A slight tendency 

to an increased variability as shown by the older animals seems 

due to several analytical difficulties—represented by complete 

drying and the extraction of fat. Thus it appears probable 

that a uniform technique and also a vigorous selection of healthy 
individuals would tend to smooth out the irregularities now 

shown in this table. F 
Despite the presence of some irregularities, we see plainly 

that following the progressive diminution of the percentage of 

water, the percentage values of protein, fat and ash imerease 

regularly. Furthermore, this reciprocal relation of water and 
other chemical groups is so harmonious that we are strongly 

tempted to conclude that there is a definite quantitative rela- 

tion similar in all mammals in their chemical make up at equiva- 

lent ages. 
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We infer from the above that the bodies of all the mammals, 

whether carnivorous or herbivorous, during their growth pass 

through identical phases of chemical alterations, though the 

time required to complete the life cycle may be widely different 

in different species. The corresponding phases of chemical 

alteration appear to follow the water content of the body. Con- 

sequently we may conclude that the percentage of water is an 

indicator of corresponding phases of chemical alteration of 

the mammalian bodies, while neither the calendar age nor the 
body weight of the animals can be used for the same purpose. 

It has been noted by Donaldson (’06) that the.normal span 

of human life is about thirty times that of the albino rat. This 

conclusion was based on the observation that man requires 

thirty times as many days to double his birth-weight as does 

the rat (p. 26, table 3) and on the assumption that the average 
maximum age of man is 90 years, while that of the albino rat 

is three years. Donaldson noted further (’08) that the graph 

of growth for the brain in weight is similar both in man and in 

the rat if the age intervals of man are reduced one-thirtieth, 

and further the brain weight of adult man (1400 grams) is re- 

duced to the adult brain weight of the rat (2 grams). This re- 

sult shows then that the two main phases of growth (postnatal 

cell division and the swelling process) in these two forms are 

similar at corresponding ages. 

In his third communication Donaldson (’10) shows not only 

that these growth phases agree in man and in the rat, but also 

the percentage of water in the brain agrees in the two species 

at equivalent ages. From this we infer that the percentage of 
water in the brain may be taken as the mesaure of the equiva- 

lent ages of man and of the rat. 

Very recently Mayer and Schaeffer (’14) studied the relation 

between the amount of water and of various lipoids in several 
' visceral organs In various mammals and reached the conclusion 

that a certain definite parallelism exists between the degree of 

imbibition of water and the ratio “‘cholesterine—fatty acids,” or 

“cholesterine—lipoid phosphorus.” 
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Mayer and Schaeffer call these relations “The lipocytic coeffi- 

cient of the tissue’? and found the coefficient identical in all 

animals examined when the imbibition of water was identical. 

The present investigation, as has been already stated, demon- 

strates that the percentage of water is the index of equivalent 

phases of chemical alteration of the entire body. Thus my own 

investigation not only supports the views presented by Donald- 

son, but also indirectly the views held by Mayer and Schaeffer, 

but at the same time extends the significance of water content 

in the living organism as represented by the mammals during 

the life span, 

CONCLUSIONS 

The entire body of the albino rat was analysed at birth and 

at 7, 15, 22, 28, 35, 42 and 294 days and the variations accord- 

ing to age were determined for water and solids, and from the 

solids for the following chemical components: protein, fat, or- 

ganic extractives and salts. The stomach contents 0° the young 
rats fed by the mother’s milk exclusively were analysed also. 

Analysis of the stomach contents suggests that the milk of the 

albino rat is highly concentrated and rich in fat. 

1. The percentage growth of the solids reaches nearly a maxi- 

mum (30 per cent) while the young are still nourished almost 

entirely by the mother’s milk (end of the third week). At the 
end of 42 weeks the additional growth in solids is only slightly 

over five per cent. 

2. The components of the solids show the following age varia- 
tions: 

Protein. The protein content is highest at birth and dimin- 

ishes gradually until the end of the lactation period, after which 

it rises again slightly. . 
Fat. ‘The fat content rises rapidly during the lactation period, 

after which it diminishes steadily. 

Organic extractives. The organic extractives decrease rapidly 

towards the end of the lactation period, after which there is 

another steady increase. In general the variation in the organic 

extractives is similar to the variation in the protein. 
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Salts. The salts show a slight progressive reduction during 

the lactation period, after which they increase steadily. 

3. When the chemical composition of several mammals are 

compared with one another it appears that the bodies of these 

mammals during growth pass through similar phases of chemical 

alteration, so far as the water, protein, fat and ash contents are 

concerned, and that the percentage of water is an indicator of 

the corresponding phases of the chemical alteration in different 

species, while neither the calendar age nor body weight of the 
animals can be used for the same purpose. 
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INTRODUCTION 

The following contribution represents a résumé of three years 

of experimental study in which an attempt has been made to 

analyze certain of the processes involved in the genesis of some 

of the vascular tissues. For constant encouragement and most 

helpful criticism I wish to acknowledge my deep indebtedness to 
Prof. Charles F. W. McClure, under whose guidance the work 

was undertaken. I am especially grateful for the generosity 

with which he has furnished me with necessary funds and ap- 
paratus for the undertaking of the problem at hand. I have 
also been so fortunate as to have recourse to the valuable counsel 

of Prof. E. G. Conklin, whose advice has been of great help to 

me. 

PART I. THE ORIGIN OF ENDOTHELIUM 

In many respects the development of the vascular tissue is 

unique. Its investigation is attended with certain peculiar 
difficulties which have hindered the solution even of some of 

the least involved problems in this field of development. Within 

. 
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recent years the origin of the endothelium which lines the haemal 

and lymphatic vessels has perhaps been the central problem of 

anatomical investigation. Over this question there has been an 
extended controversy; even now it would be premature to say 
that all the problems confronting us are completely settled. 

The principal points of difficulty with which one must reckon 

in consideration of this peculiarity of endothelial tissue are 
raised by these questions: Does physical continuity of endo- 

thelial cells necessarily imply genetic continuity? Conversely, 

is it possible that cells out of continuity with already formed 

endothelium can ever become continuous with and a part of 

that endothelium? It has been observed that in most classes 

of vertebrates the site of endothelial formation is the yolk-sac. 

Later, endothelium is found progressively nearer the embryonic 
body and finally inside the embryonic body. As has been so 

many times stated, there are two views concerning the nature 

of this endothelium which is found associated with the intra- 

embryonic tissues. One view is that the earliest vascular tissue 

grows toward the embryo, and on reaching the embryo’s body 

permeates the intraembryonic tissues in a centrifugal manner, 

forming the entire lining of the haemal and lymphatic systems. 

This view has been designated as the angioblast theory of Wil- 

helm His. Let us consider a few quotations from certain of the 
supporters of this theory; in this manner we can study first- 

hand the conceptions of these observers concerning the impli- 

cations of this so-called ingrowth or extension theory. 

I. THE ANGIOBLAST THEORY 

Minot’s conception of the angioblast (Keibel and Mall, Human 

Embryology, vol. II, pp. 498-9) is as follows: 

Comparative embryology teaches us that the first vessels appear on 
the yolk-sac collectively and at one time. They form a unit anlage, 
which we call briefly the angioblast according to the suggestion of 
igt) :. . . Iam inclined to think that the angioblast 
forms itself not through the transformation of mesodermice cells alr eady 
present, but from the layer of yolk-cells, and from a reticulate group- 
ing of themselves between the middle ‘and lower germ-layers. The 
angioblast probably maintains its complete independence throughout 
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life. In other words, it is probable that the endothelium of the blood- 
vessels (and of the lymph-vessels) and the blood cells at every age are 
direct descendants of the primitive angioblast. 

The following is from Evans (Keibel and Mall, vol. II, p. 571): 

In embryos of the higher vertebrates the first cells which can be 
identified as standing in any relation to the vascular system appear in 
the form of localized thickenings of the extra-embryonic mesoderm 
lying next the entoderm of the yolk-sac. These constitute the so- 
ealled vascular anlagen and typically undergo a gradual differentiation 
into two or more definite cell-types, blood cells on the one hand, and 
endothelial cells on the other. . . . . It is important, then, to 
distinguish vessels which have arisen through sprouting of other vessels 
in contrast to vessels whose endothelium has been contributed directly 
from the neighboring mesoderm.’ Even on the yolk-sac these latter 
vessels are not numerous, for they occur only at the site of the so-called 
anlagen, and the main mass of the vitelline capillary plexus arises 
from the extension and frequent anastomosis of these primary vessels. 

In birds it has been possible to establish beyond all doubt 
that most of the aorta descendens is formed from the medial margin 
of the vitelline capillary plexus. 

Bremer (3) agrees with the angioblastic view. He believes, 

however, that the injection method is inadequate for mapping 

out the extent of the vascular tissue, even in case of the caudal 

aorta, as the establishment of its lumen is not a continuous proc- 

ess, so that isolated cavities actually exist, but the cells of their 

walls are in genetic continuity. He states (p. 114) that “it 
was the observance of these isolated spaces which later fuse to 
form large vessels, that lead to the often repeated statements 
of Rickert and Mollier and others that the dorsal aortae arise 

in situ from cells of the mesoderm.’’ 

In 1914 (4) his conception of the angioblast is much modified 

(p. 462): 

I think it well at this point to define more accurately what I mean 
by angioblast cords, especially since I believe that their recognition 
may help to explain the frequently described endothelial spaces uncon- 
nected with any injectible vessel. The angioblast cords are appar- 
ently solid cords of cells connected end to end or in small groups, run- 
ning between the processes of the surrounding mesenchyme cells, when 
these are present, often touching them, without actually fusing with 
them. The diameter of the cords is never as small as that of the 
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mesenchymal process, though it is often less than that of the cord 
nuclei. The cords tend to form nets by anastomosis of larger mesh 
than the mesenchymal net, and angiocysts wherever space is given. 
They are usually sharply defined from the surrounding tissue, and 
may show an extraintimal space. 

In this sense the angioblast is not necessarily the unit vascular 

anlage which grows into the embryo from the yolk-sac. Its 

only prerequisite is that it shall grow continuously (from one or 
many sources) through the embryonic tissue as ‘solid cords of 

cells.’ 

It is to be hoped that the term ‘angioblast’ may never be applied to 
any structure except to this theoretically early differentiated, preco- 
ciously segregated, yolk-sac, unit vascular anlage which has been 
claimed to give rise to all the vascular tissues. If no such exclusive 
and sole ‘unit anlage’ exists, then the term needs and deserves to be 
discarded. It has been used in the literature for such a great number 
of years that its meaning is very definite and well established. The 
term is so intimately related to the concepts of specificity and ingrowth 
from the yolk-sac of all vascular tissues that it can never, with pro- 
priety, be attached to any embryonic structure except the early yolk- 
sac vessels. It is to be hoped that no observer will ever find it neces- 
sary to designate individual mesenchyme cells as ‘angioblasts,’ even 
provided he should become convinced that such cells are vasofactive. 
The term ‘angioblast’ implies a ‘unit anlage;’ it implies a collectively 
multicellular tissue, and therefore can not properly be used in connec- 
tion with a single cell. If there be such a thing as angioblast, there is 
but one angioblast and it has but one method, place, and time of origin. 
To no isolated cell should be attached a term which for decades has 
been applied to a group of yolk-sac blood-vessels. Strictly speaking 
it would be inconsistent to designate as ‘angioblastic cords’ any solid 
forerunners of intraembryonic vascular tubes, even though the ingrowth 
theory were correct. Angioblast can not properly be applied to solid 
or tubular endothelium which has arisen by sprouting; the term implies 
.the original anlage which does the sprouting, and which does not, 
according to the angioblast theory, arise from preexisting vascular 
tissue; it does not include the sprouts, or the sprouts of sprouts. 

Finally the view of Rabl might be mentioned. He is responsi- 

ble for the dictum ‘‘Endothel stammt nur von Endothel.” 

Taken literally such a statement would relegate vascular endo- 

thelium to a category in which the germ cells, and perhaps some 

of the most primitive organisms are generally regarded as unique 

because of their supposed immortality. 
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II. THE LOCAL ORIGIN THEORY 

The view opposed to the angioblast theory is that of local 

origin. According to this view, mesenchyme may, in practically 

any region of the body, transform into vascular tissue. The 

cells which bound an intraembryonic blood-vessel are not in 

direct lineage with those which line the early vessels on the 

yolk; they have not come into being as ingrowths from the 
early yolk-sac vessels or ‘angioblast;’ they have not necessarily 
come from preéxisting endothelial cells, though some of them 

may have had such an origin, inasmuch as local origin does not 

preclude the possibility of growth during or following the process 

of local vascular formation. Additions to endothelium already 

formed may take place by (1) proliferation of cells already 

formed, (2) addition of single mesenchyme cells, (8) addition of 

solid cell aggregates, (4) addition of already formed endothelial 

cavities the lining cells of which have differentiated locally, in 

and from the mesenchynv, and (5) by the active migration and 

alignment of single mesenchyme cells to form vascular cavities. 

The local origin theory holds that blood-cells are not necessarily 

descended from a primitive yolk-sac ‘angioblast,’ but that mesen- 

chyme within the embryonic body is capable of giving rise to 

blood cells. Advocates of the local origin theory do not believe 
that the vascular anlagen are necessarily differentiated at a very 

early stage of development, as claimed by His, or collectively 

and at one time as stated by Minot; advocates of the mesen- 
chymal theory recognize that there ave certain regions in which 

a precocious production of vascular tissues takes place, but they 

claim that such regions are not the only regions in which such. 

tissues are formed. Advocates of the local origin theory recog- 

nize various intraembryonic regions in which there is a first- 

hand production of vascular tissues, even relatively late in 

ontogeny, and quite independent of such processes in the yolk- 

sac. The angioblast theory regards endothelium as a tissue of 
high specialization, quite foreign in nature to mesenchyme and 

quite removed from it genetically. The local origin theory 
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claims that mesenchyme can transform into endothelium, and 

that endothelium can transform into mesenchyme. 

The theory of local mesenchymatous origin of endothelium 

dates back to the work of Goette (15) and Reichert (56). Within 

more recent times, Riickert and Mollier (60) and their students 

have chiefly constituted the European School who maintain 

that endothelium develops in situ. Maximow (31), Bonnet (2), 

von Felix (13) and others have also supported this view. In 
this country, Huntington (19, 20) and McClure (32-37) and 

their students have stood practically alone as sponsors of the 

local origin theory. 
It is of interest to note some of the methods which have been 

employed by the advocates of these conflicting views. Investi- 

gations supporting the angioblast theory have sometimes been 

based on studies of serial sections, frequently on relatively late 
growth stages in the living tissues of amphibian larvae and other 

tissues, and especially within recent times, on injections. Cer- 

tain objections to the results obtained by these methods have 

been raised by the opponents of the angioblast school. Hspe- 

cially Huntington, McClure, and Schulte have urged that intra- 

vital study of late capillary plexuses, as has so often been made, 

[Platner (47), Remak (57), Kolliker (25), Langer (26), Clark (7), 

etc.] is merely a study of endothelial proliferation and not a 

study of its genesis. To quote McClure (86), pp. 61-2): 

We all recognize the fact that endothelium, like other tissues of the 
body, is capable of growth after it has once been formed. In no other 
manner could we account for the increase in size which blood-vessels 
undergo in the embryo. . . . . It is also possible for anastomoses 
to be formed between different vessels by means of growth or sprouting 
of their endothelial walls so that, in some cases, an increase in their 
extent through growth may actually take place. . . . . From 
whatever standpoint it may be considered, the growth of endothelium 
is of secondary significance as regards the problem at hand, since the 
main question at issue does not concern the possibility that endothelium 
may or may not grow, but rather how the endothelium is formed that 
does the growing. 

The injection method has also been criticized as a method 

capable of giving only one result—a negative result with refer- 
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ence to the possibility that non-continuous vascular lumina 

exist. Huntington and McClure have repeatedly called atten- 
tion to the fact that injection will do nothing more than demon- 

strate continuous cavities. Those who believe. the injection 
method to be adequate, maintain that any cavity in the unin- 
jectible periphery is necessarily a non-vascular cavity or an 

artifact. In case of the early vessels in the chick, the injection 

method should be able to demonstrate all endothelium from the 

moment that the independently formed portions of the angio- 

blast or ‘unit anlage’ have become confluent. In this connec- 

tion Schulte (63, p. 25) states: 

From thismoment . . . . there is a sudden and abrupt end to 
the production of discrete anlages, contrary to what one would expect 
from the general transitions in natural processes. 

But in view of the many anlages admittedly present in the splanchno- 
pleure and in the embryo, and of transitions almost universally observed 
in natural processes, the possibility must be conceded that a belated 
vesicle or two of endothelium might conceivably escape a sudden 
annexation to the injectible system. It becomes of interest to deter- 
mine its status after injection has been practised and it has failed 
hypothetically to be injected. A moment before, had it been observed 
in vitro, or had it been sectioned, it would have appeared like any other 
of the discrete anlages in the ‘anlage.’ But the test of injection made, 
it at once ceases to have a future, it has become an artifact, or if perti- 
naciously insisted upon, a Mayer- Lewis anlage. Because 
it failed of concrescence prior to the moment of injection it is abso- 
lutely devoid of vascular potentialities and could never, had the injec- 
tion been omitted, have joined its fellows and par ticipated in the for- 
mation of the vascular SyStemimaauen =. . (p.7). Wemay recognize, 
or refuse to recognize the uninjectible ‘peripher y. If we recognize it, 
the method of injection becomes not only partial and incomplete, but 
subordinate to the methods which reveal all its findings and in addi- 
tion, enlarge our field of observation. 

Re G2). To. ae insist that the limited field ex- 
plored by injection is alone accessible to investigation is not to assert 
the primacy of the injection method, but to fall | back upon an ancient 
logical device known as _ petitio principii. SE Gps 02.6) oe vere 
is, however, no reason to assume that injection has reached the acme 
of delicacy, great as is the skill which has been developed in its use. 
It is conceivable that some day it will be possible to inject a portion of 
the ‘anlage’ before its admittedly discrete vessels have fused—even a 
small fragment might be injected alone, the dorsal aorta in the head, 
say, or the umbilical vein. This would then become to the injectionist 
the only source of the vascular system. The uninjected parts of the 
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anlage would be demonstratedly not vascular anlages at all, but arti- 
facts or ‘Mayer-Lewis anlages,’ and no study by slide or section could 
establish their right to serious consideration. 

It is of interest in this connection to note that McClure (33, 

34, 36) has been able actually to inject a discrete lymphatic 
anlage—the sub-ocular lymph sac in the trout—independently 

of, the main systemic lymphatics, veins, and arteries, yet it is 
inconceivable that these latter vessels, as revealed in section, 

could be regarded as non-vascular spaces. 

In defense of the injection method, E. R. Clark (8) has at- 

tempted to show by tests the adequacy of injection as com- 
pared with serial sections, which are often relied on by those 

who believe in the local origin of endothelium. He injected 

small lymphatics, drew their outlines, then sectioned the tissue 
and reconstructed the vessels. He found that the lines formerly 
occupied by the continuous vessels were occupied by series of 
isolated, black, bead-like areas. Doubtless one does well to 

admit that shrinkage actually takes place in preserved tissues, 

but doubtless also there is no other case in the literature where 

the series of isolated spaces comparable to these are individually 

figured in solid black. If one should combine complete injec- 

tion with serial sectioning, and find lines of discontinuous 

injected spaces he would probably not commit the error of regard- 

ing them as always having been out of continuity. In all proba- 

bility the only recorded case of an injected isolated vascular 
space, besides those figured by Clark, is that of McClure’s 

subocular sac; this was observed in the living condition to be 
independent, and was injected directly. 

As already stated, those who believe endothelium to form 

entirely by proliferation of a small, restricted yolk-sac anlage 

have been strengthened in their belief by observation of the 

sprouting of living endothelium. On the other hand, direct 

observation of the mesenchymal synthesis of endothelium is by 
no means wanting. As early as 1885 Wenckebach (77) described 

with great accuracy the remarkable ‘Bewusstsein’ with which 

single mesenchyme cells migrate by amoeboid movement to 

arrange themselves into endothelial tubes on the teleost yolk- 
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sac; he also observed the same process‘in the embryonic body, 

but here the process was a te-arrangement rather than an exten- 

sive migration. So thorough were the observations of Wencke- 

bach that later observations on the living telost yolk-sac by 
Raffeale (50), Stockard (66), and myself (52, 53) have added 

little of importance to our knowledge of the process given us by 

Wenckebach. 

III. THE EXPERIMENTAL WORK 

The great problem of development is to determine as far as possible, 
the sequence and origin of differentiations and the extrinsic and intrinsic 
forces by which they may be modified. Much has already been accom- 
plished in tracing the sequence of morphological differentiations to 
earlier and earlier stages of development, but relatively little has been 
learned as to the nature and causes of differentiation itself. By the 
observation of purely normal processes one sooner or later comes to 
a place beyond which he can make little if any progress in the study 
of such problems; but the history of biology in the last twenty-five 
years has shown that much may be learned by the comparison of 
normal and abnormal processes, and especially by the combination of 
observations of normal processes with experiments which may be varied 
indefinitely —Conklin.' 

Prior to the year 1913 it might well have been said that the 

status of the controversy over the origin of endothelium was 
that in which the observation of the normal process had practi- 

cally reached its limits, so far as the general acceptance of one 
view or the other was concerned. Those who believed serial 

sections to be adequate were not convinced by those who believed 
in the adequacy of injection, and vice versa. Also, those who 

had seen the sprouting of living endothelium failed to take into 

account the evidence at hand that isolated mesenchyme cells 

had been seen to form endothelium. The question resolved 
itself into one of methods; that certain definite results could be 

obtained by each of these diverse methods was no longer ques- 

tioned by any one. As affirmed by Bartels concerning one of 
the methods, we might well affirm concerning the questions 

involved in all the methods employed; they were ‘philosophical, 
and not anatomical questions.”” The account of the develop- 

1 Journal of the Academy of Natural Sciences of Philadelphia, vol. 15, Second 

Series, 1912, pp. 503-4. 
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ment of the vascular system as given in Keibel and Mall’s 
Human Embryology, 1912, probably represents the consensus of 

opinion among the majority of American and European anat- 

omists up to 1913—namely that the vascular tissues were of 

angioblastic origin. A thorough survey of the literature and 

most recent text books does not lead one to agree with Stockard 
(66, p. 587) that the recent defenses (Stockard considers them 

‘revivals’) of the ingrowth theory were prompted by purely 
‘literary reasons.’ Also it is improbable that we have reached 
the era in which philosophical questions can be divorced from 
the interpretations of the results reached by our methods. 

It may well be said that the thirtieth session of the American 
Association of Anatomists, 1913, marks a new epoch in the 

endothelium controversy. Schulte at that time showed that 

the anlagen of the umbilical vein develop locally from parietal 
mesoderm entirely away from splanchnopleuric vascular anlagen. 

McClure showed that an isolated lymphatic anlage could be 

injected directly and independently. But in addition to these 
significant morphological contributions there stands out in im- 
portance the experimental work of Miller and McWhorter (40) 

who had obtained blood-vessels on the operated sides of chick 

embryos, one side of which had been excised from the yolk-sac 

blastoderm. This work is not the first experimental investiga- 
tion of the problem, but it marks a revival of that sort of investi- 

gation of endothelium; it marks the beginning of a serious appre- 

ciation of such work, and a concession on the part of many 
anatomists that the local origin theory is not a priori untenable. 

As already stated, the work of Miller and McWhorter was 

not the first attempt to utilize the experimental method in the 
solution of problems having to do with the origin of the vascu- 

lar tissues. In the year 1887 there were three experimental 

investigations bearing on such problems—the investigations of 

Budge, Gerlach, and Uskow. 

Budge (5) proposed to confirm the view of His by destroying 

the germinal dise of unincubated eggs, leaving the germ-walls 

intact so that the latter might demonstrate its independence as 

the source of the vascular tissue. Gerlach (14) tried to deter- 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO, 1 
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mine experimentally whether primitive-streak mesoderm or para- 

blast was the source of the vascular tissue; this he tried by pre- 

venting the development of the primitive streak. He was un- 

able to obtain decisive results. Uskow (72) likewise attempted 

to arrest the development of the mesoderm, but was unsuccessful. 

The work of Griiper and Hahn along these same lines furnishes 

a foundation for the subsequent experimental work on vasculo- 

genesis. Their observations have, unfortunately, received little 
attention from later investigators; for this reason it seems 

advisable to consider rather minutely their methods and results. 

Grdaper’s work 

Griper’s investigation (16) is primarily an investigation of the 

process of heart-formation, in which the main purpose is to show 
that the heart, in accordance with the ‘Rablsche Erklirung,’ is 

essentially a fused pair of vitelline veins, and its efferent vessels 

are formed in genetic continuity with its own endothelium. 

The work attempts to show the explicability of double and 
multiple hearts on the basis of a failure of the mesial fusion of 

the endothelial tubes, which originally were laterally located. 

Evidently Griper regarded our knowledge of heart formation as 

somewhat uncertain and theoretical. A second purpose of 
Graper’s work, which was not essentially experimental, was to 

prove that the earliest vascular tissues on the yolk-sac are of 

entodermal origin; that they are formed from entodermal cells 

which separate from that layer, invade the germ-wall, and 

emerge to form endothelial cells and blood-cells; that at least 
some of the invading cells become ‘Dottertrager’ which partici- 

pate in the formation of vascular tissues and in their nourish- 

ment. The work attempts to disprove the view of Rickert 

and Mollier that the vascular tissue is derived from primitive- 

streak mesoderm which is proliferated into or migrates into the 

vascular area and possibly into the germ-wall. 

Ordinarily when blood-islands are first recognizable, they are 

found lying between the mesoderm and the germ-wall. As 

Riickert has observed, their position when first recognizable 
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gives little clue to their ultimate origin. Graper points out that 

Riickert’s study of avian blood-islands was confined largely to 

the posterior portion of the blastoderm, where he (Griper) 
believes the picture is not clearly marked; his own studies deal 

mostly with the anterior portion of chick blastoderms in which 

the head-process has a length of about one millimeter. In this 

location he was able to find isolated blood-islands in a region 

not yet invaded by laminated mesoderm. He sometimes found 

blood-islands more than a millimeter distant from any meso- 

derm. Such blood-islands lay between germ-wall entoderm and 

ectoderm. Relying upon the extreme improbability that their 

origin should ever be regarded as ectodermal, he believes that 

such blood-islands furnish conclusive evidence for the entodermal 
origin of the vascular tissues. 

Riickert (Hertwig’s Handbuch, Bd. 1, 8. 1180) writes: 

Worin besteht aber die Bedeutung des Dotters fiir die Blutbildung 
der Wirbeltiere? Auch hier gibt das Ei des Platydactylus einen Finger- 
zeig. Da die Verdickung des unteren Blattes erst nach dem Erscheinen 
der Blutanlagen auftritt bezw. (vorn) zu voller Ausbildung gelangt, so 
kann dieselbe nicht die Aufgabe haben, den Entoblast zur Abgabe von 
Zellenmaterial an die Blutinsel vorzubereiten. Das Wesen des Vor- 
ganges kann also nicht in einer Zellen sondern nur in einer Stoffabgabe 
des Dotters an die Blutanlagen beruhen. 

Graper dismisses this observation of Riickert’s with a state- 
ment that it apparently rests ‘‘auf Grund vergleichender Forsch- 

ungen.” If it be true, as in the instance cited by Riickert, that 

blood-islands may develop in a region where there is as yet no 

thickened entoderm, the isolated blood-islands of Griiper are not 
all-significant, albeit they display a condition of extreme interest. 

If blood-islands can develop at a distance from mesoderm, and 
at a distance from thickened entoderm in another, it is evident 
that no valid generalization can be made concerning either of 

these layers as the sole source of the vascular tissue. 
Jan Tur (71) described vascular anlagen completely isolated 

from entoderm, mesoderm, and from ectoderm. Yet he stated: 
“Les éléments de ce ‘parablaste accesoire’ qu’on pourrait 

désigner sous le nom de ‘parablaste sous-germinale’ peuvent 

donner naissance 4 de vraies formations vasculaires dont la 
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valeur est nulle, mais qui prouvent la théorie de l’origine ento- 

dermo-parablastique des vaisseaux sanguins.”’ (Parablaste here 
refers to germ-wall.) If this case reported by Jan Tur be of 
‘significance, one might, in following Griper’s line of reasoning, 

be compelled to enunciate a new germ-layer. Perhaps a’ most 

feasible explanation of these isolated blood-islands is the assump- 
tion that we are here dealing with migrating mesodermal (mesen- 

chymal) cells; such cells may perhaps arise either from meso- 
derm, entoderm, or both. Once such a cell has arisen from 

entoderm or mesoderm, it might well be designated as meso- 

derm or mesenchyme. As will be considered later, the work of 

Wenckebach, Raffeale, Stockard, and the writer has shown, the 

teleost yolk-sac, entirely devoid of true entoderm, furnishes an 

excellent place in which to study the actual migration of living 

mesenchyme cells and their transformation into vascular tissue. 

A study of such migrating cells might convince one that the 

traversing of a distance of 1 mm. by mesenchyme cells would 

not be out of the question in case of Griper’s isolated blood- 
islands. 

Rickert points out the possibility that even though the cells 

emerging from the germ-wall may be closely approximated to 
the entoderm, they may conceivably have come from mesoderm. 
Griaper answers this by maintaining that ultimately all the meso- 
derm in question came from entoderm (which is certainly not 
true in case of primitive-streak mesoderm in the chick); Graper 

also maintains (p. 381) that even if the cells in question had 

come from mesoderm, they should necessarily be regarded as 

entoderm when they were in association with that layer, “‘so 
kénnte man doch unméglich von mesodermaler Bildungsweise 

reden.”” Such confusion at least shows the need of a definite 

terminology. 
van der Stricht (67) described yolk-laden cells in the meso- 

derm, and believed that such cells had taken on a yolk-content 

by means of protoplasmic processes which reached down into 
the yolk. This offers a possible explanation of the ‘‘ Dotter- 
triger’’ of many authors. In some cases such protoplasmic 

processes might not be preserved in fixed material. 
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On one point most observers are agreed. Whatever may be 
the origin of the prevascular cells of the yolk-sac, they leave, 

perhaps by migration, one or some of the laminated primitive 
layers before they acquire their vascular characteristics. Such 

active movement is more characteristic of mesodermal than of 

entodermal cells. 
Prior to its publication, the work of Hahn was known to 

Griper. As will be considered later, Hahn attempted to prove 

that primitive-streak mesoderm is the source of the yolk-sac 
blood-islands. This he did by destroying the region lateral to 
the posterior portion of the primitive streak. He obtained 

embryos whose blastoderms on that side were in most cases 
entirely devoid of blood-islands. Griper performed these same 
experiments, but claimed that it is necessary to destroy not 

only the existing vascular tissue at the operative stage, but also 

the germ-wall as well; he claims from this that the germ-wall 

and not the primitive-streak mesoderm is responsible for the 
vascular tissue. 

The work of Graper also deals with the origin of intraembry- 

onic vessels. On the operated sides of his experimental chicks 

he obtained vitelline veins, endocardia and dorsal aortae. In 
the description of his embryo ‘G’ he gives the line of reasoning 

by which he interpreted his results as not supporting the views 

of Riickert. On p. 396, describing the operated side, he states: 

An der Stelle nun, wo man die zweite Herzhalfte bezw. die Vena 
omphalomesenterica erwartet hatte, sieht man zwischen Entoderm 
und Mesoderm einen rundlichen Zellhaufen (Z), der ganz den Eindruck 
einer Blutinsel macht. Verfolgt man diese Masse nach vorn und 
hinten, so erhailt man von Zeit zu Zeit Bilder, die genau mit denen tiber- 
einstimmen, die Blutinseln geben, die in der Bildung bluthaltiger 
Gefiisse begrifien sind. Vor der vorderen Darmpforte kann man eine 
Verbindung mit dem ‘Herzen’ der anderen Seite nachweisen. Es macht 
also den Eindruck, als ob hier eine autochthone Bildung eines Gefasses 
stattgehabt hitte. Dies ist auch tatsichlich der Fall, nur nicht im 
Sinne derer, die behaupten, dass alle grésseren Gefiisse in loco ent- 
stinden. Es kommt hier vielmehr eine Zufilligkeit in Betracht, die 
nachzuweisen mir in diesem Falle gliicklicherweise gelang. Verfolgt man 
nimlich die Serie durch eine gréssere Anzahl von Schnitten nach 
hinten, so sieht man diesen Blutinselstrang in ein kleines Divertikel 
iibergehen, das an der Stelle liegt, wo Entoderm und Ectoderm vernarbt 
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sind. Dieses Divertikel, das Fig. 24 darstellt, enthalt noch reichlich 
in Resorption begriffenden Dotter. Hieraus sehen wir, dass es bei der 
Operation nicht gelungen war, die Area opaca vollstiindig zu entfernen, 
es waren vielmehr noch Keimwallreste central von der Narbe geblie- 
ben. Hierzu kommt eine starke Verschmilerung der Area pellucida, 
wie sie ja stets an den operierten Embryonen beobachtet wurde. 
Durch diese Umstiinde war es méglich, dass die Keimwallreste in den 
Embryo einbezogen wurden. . . . . Es bestarkt dieser Kmbryo 
also keinwegs die Theorie der lokalen Entstehung der Gefisse in 
Embryo, sondern ist vielmehr, besonders mit dem Embryo C zusammen, 
ein Beweis fiir die Entstehung der Blutinseln aus den Dotterzellen. 

In my own experience I have found too that if embryonic 

tissue be left in communication with an area vasculosa bearing 
blood-islands the vascular tissues in the two regions invariably 

become connected. 
Graper also lays great stress on his embryo ‘C.’ In the inter- 

pretation of the conditions in this embryo I believe that Graper 

is in error, provided one may judge from the appearance of his 
figure 27. On p. 398 he describes the operated side as follows: 

Die Narbe geht rechts dicht an der Grenze zwischen Area opaca 
und pellucida hin, so dass der grésste Teil der letzteren erhalten ist. 
Der hintere Teil des Primitivstreifens wurde vollstindig vernichtet, 
so dass auch am Embryo nur die vordere Halfte entwickelt 1 ist. 
Bei naherer Pritfung der Schnitte, bemerkt man links ein schén ent- 
wickeltes Herz (Fig. 29), rechts dagegen eine dhnliche Erweiterung, 
die mit einem Herz nichts gemein hat (Fig. 28). Das Mesoderm 
spaltet sich hier typisch in seine beiden Blatter. Die Splanchnopleura 
aber ist hier im Gegensatz zur anderen Seite und zum normalen Verhal- 
ten auch an der Stelle, wo die Herzhalfte zu suchen ist, sehr diinn und 
legt sich dem Entoderm eng an. Zwischen Entoderm und Splanchno- 
pleura sind auf dieser Seite in der ganzen Serie keine einzelnen Zellen 
oder Zellenziige zu finden. Hier seierwiihnt, dass es sich aus der Serie 
leicht feststellen lisst, dass die betreffende Zellschicht wirklich die 
Somatopleura ist und nicht, wie es den Anschein erweckenkoénnte, 
die Wand eines abnorm erweiterten Gefasses. Durch diese gliickliche 
Experiment wird also der oben erwahnte Einwurf, der gemacht werden 
kénnte, entkriftet. Es ist nimlich sehr wohl die Stelle, wo sich das 
Herz sonst bildet, und daritber hinaus noch ein grosses Stiick Area 
pellucida vor handen, dennoch ist aber von einer Herzhiilfte nichts zu 
sehen, weil eben die betr effende Seite der Area opaca, aus der, wie wir 
oben erértert haben, das Material fiir die Gefassbildung stammt, durch 
die Narbe vollstandig abgetrennt ist. 

Dieser Embryo scheint mir besonders die Ansicht Riickerts zu 
entkriiften, denn obgleich die ganze hintere Hilfte des Primitivstreif- 
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ens in jungem Stadium vernicktet war, haben sich doch auf der Seite, 
wo die Area opaca unversehrt blieb, Gefiisse und ein Herz gebildet, was 
nicht hiitte geschehen diirfen, wenn jene Ansicht, auf der die Hahn- 
schen Experimente basieren, richtig ware. 

Judging from his figure 27, one may well question whether the 

‘Narbe’ has really excluded the area opaca. A line of separa- 

tion within the area pellucida has never in my experience yielded 
such an enormously thick ‘Narbe’ as that shown in this figure. 

The tissue on the extreme right of the figure is in all proba- 

bility a portion of the area opaca. Its failure to develop endo- 

thelial cavities (and perhaps to absorb yolk) is difficult to ex- 
plain. One never finds the splanchnopleuric mesoderm (myo- 

cardium) in the heart region a single-layered structure unless 

there is a pronounced oedema, so that the distension produced 

by the coelomic fluid enormously stretches the mesodermal walls. 

This distension may furnish a mechanical explanation of the 
failure of the cardiac endothelium to form on the side on which 

the oedematous condition is exhibited. Certain it is that endo- 

cardial tissue had little space in which to develop under such 
conditions. The space between splanchnopleure and entoderm 

is completely occluded; in other words, if this explanation be 

correct, endothelium was potentially able to develop if the 

mechanical relations of the coelom had not prevented it. One 

could also assume that those conditions which produced the 
abnormal coelom had likewise injured the tissue which would 

have produced prevascular anlagen, and that both abnormal 

conditions resulted from the same cause. 
Hahn (17, pp. 410-413) has also commented on the conditions 

in Griiper’s embryo ‘C’. He points out the fact that in “‘Graper’s 
embryo ‘A’ the heart is also unilateral. He states (p. 410): 

Die Tatsache, dass eine der operierten Seite entsprechende Herzhalfte 
bei Embryo A nicht zur Entwicklung gelangt ist, begriindet nun Graper 
damit, dass dieselbe ‘eben nicht nétig war.’ Er fiihrt dies dann noch 
weiter aus mit den Worten: ‘Auf der operierten Seite wurde die Anlage 
der Gefiisse durch den Eingriff verzégert (also nicht total verhindert!), 
so dass die andre Seite Zeit hatte, eine Herzhalfte zu bilden, die dem 
ganzen Herzen gleichwertig war; numehr war die Bildung des zweiten 
Herzens unnoétig und unterblieb.’ 
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Hahn calls attention to the fact that if such argument as that 

of Griper concerning embryo ‘A’ were valid it could likewise 

apply to the conditions in Graper’s embryo ‘C,’ which is above 
described. I believe with Hahn that the question of necessity 

is inapplicable equally in both cases. In both these instances 
the development of endothelium was ‘unméglich’ whether it 
was ‘unnétig’ or not. Gréaper’s explanation of his embryo ‘A’ 

would defeat his own theory of multiple hearts, in that only one 
is ‘notig;’ it is inconceivable that all supernumerary heart- 

anlagen have equal advantages for thelr own preservation and 

development. Doubtless in both Griper’s embryos ‘A’ and ‘C’ 
he has simply produced conditions such that one-half the heart 
anlage was unable to develop—otherwise both would have 
developed bilateral hearts if the embryos were normal prior to 

operation. If an endocardial anlage ever started on the oper- 
ated side in either case, it could in all probability have been 

detected in these embryos when they were sectioned. 

Griper misinterprets Hahn’s conclusions when he states that 
the development of endothelium in his own embryo ‘C’ dis- 
proves the validity of Hahn’s work. So far as I am aware, Hahn 

did not claim that a destruction of the posterior portion of the 

primitive streak would inhibit the formation of endothelium. 
Griper’s operations were generally performed on such early 

stages that the orientation of the embryo was uncertain. In 

some cases his ‘posterior’ cauterizations were no doubt some- 

what lateral. 
I am convinced from my own experiments at least, that 

Griiper’s one ‘fortunate case,’ embryo ‘C,’ is insufficient to over- 

throw the view of Riickert and Hahn. 

2. The work of Hahn, and Miller and McWhorter 

As we have already seen, the work of Hahn was announced 

by Riickert in Hertwig’s Handbuch before Griper’s account 
was published, but the latter account was published prior to the 

publication of Hahn’s own observations; owing to these circum- 

stances the work of each was known to the other. Their results 
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were quite different; this explains the fact that it is impossible 

to review each work separately. 
Hahn’s work (17) covers a number of years of experimenta- 

tion. His descriptions are concerned with the conditions ob- 

tained in seven blastoderms. Like Griper, he employed the 

cauterization-method in separating the embryonic body on one 

side from the blastoderm, and in the destroyal of the primitive- 
streak mesoderm. In most cases he found that a destruction of 
the posterior portion of a side of the primitive streak prevented 

the formation of blood-islands in the blastoderm on that side. 

In one case (Embryo III, p. 376) he describes a large vesicle on 

the operated side of the blastoderm, lying near the wall of the 

wound opposite the embryonic body. ‘This vesicle is filled with 

fluid and the cells of its lining are flattened out so as to resemble 

endothelium. He states: 

Hs ist nun eine Frage, ob man solche von Fliissigkeit erfiillte, jedoch 
nie geformte Elemente enthaltende sinus als Gefissanlagen, oder als 
cytése Bildungen, die mit typischen Vorgingen nichts zu tun haben, 
auffassen will. Jedenfalls scheint ihre Bildungsweise mir auf die Fiahig- 
keit des Dotterendoblast hinzuweisen, leere mit teilweiser Endothel- 
auskleidung versehene Lacunen bilden zu konnen. 

Lying below this vesicle was a small isolated group of blood 

cells, some of which were intimately associated with the lower 

wall of the vesicle, but none entered it. Hahn considers this 

case as possibly analogous to some of the ‘ ‘aberranten Blut- 

inseln’ Gripers.” He states that the emptiness of the vesicle 

of corpuscles “‘spricht nicht gerade fiir ihre Natur als Blutan- 

lagen,’ but leaves the question open. 
Concerning the origin of the intraembryonic vessels, Hahn’s 

results speak exclusively for a local mesodermal origin. On 

page 426 he states: 

Wenn ich demgemiiss meine eignen Beobachtungen zusammenfasse, 
so komme ich zu demselben Schlusse wie beziiglich der Herkunft der 
Aortenzellen, dass naimlich das Material fiir das Herzenendothel 
ebenso wie das Aorta ‘genetisch unabhingig’ ist sowohl von Dotteren- 
doblast wie von dem embryonalen Teil des Darmdriisenblattes. Die 
Relation zwischen dem Auftreten einer Herzanlage auf der gestorten 
Seite einerseits und dem Umfang des erhaltenen Splanchnopleura- 
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stiickes anderseits, ferner die Beobachtung des Austritts des frag- 
lichen Materials aus diesem Rest des visceralen Mesoblastblattes 
zwingen mich, eine lokale Entstehung der Endothelelements aus der 
genannten Quelle zu vertreten. 

Two of his experiments are of particular interest. In his 

embryo I, the posterior end of the dorsal aorta is described as 
follows: 

Im Bereiche des letzten Ursegments beteilen sich nur mehr ein bis 
zwei Endothelzellen auf dem Querschnitt an der Bildung der Aorten- 
wand, und fast gleichzeitig mit dem Aufhéren des letzten Restes einer 
Seitenplatte ist auch kurz nach dem Eintritt in die unsegmentierte 
Rumpfregion die Aorta verschwunden. Erst nach einer Flache der 
auf der linken Ko6rperseite restierenden mittleren Keimblattmasse 
neuerdings erst einzelne, dann zwei bis drei Gefisszellen am Schnitt 
wieder auf, die auseinanderweichend wiederum ein deutliches Gefiassrohr 
umegrenzen (Fig. 24, Taf. XII). 

In his embryo II the posterior locus of origin of the vitelline 

vein and cardiac endothelium of the operated side is described 
(p. 402) as follows: 

Diese besteht in einer lokalisierten Auflockerung des hohen mehr- 
zeiligen Epithels des Darmfaserblattes, wodurch es einer Anzahl auf- 
fallend spindelférmig ausgezogener Elemente méglich wird, teils isoliert, 
teils in kleinen Ketten aus dem Epithelverbande herauszutreten und 
mehr und mehr frei werden. Diese lagern sich in dem Spaltraum 
zwischen Darmendoblast und visceralen Mesoblast herein und bleiben 
dabei zundchst mit ihrer Ursprungsstatte noch in Zusammenhang. 

Farther anteriorly a lumen appears in the group of cells which 

may be traced into the heart. The cardiac tube has no con- 

nection with that of the normal side. Anteriorly (p. 404): 

es verengt sich rasch und lést sich in einzelne lateral- 
wiirts ziehende Gefiissanlagen auf, ohne dass, wie friiher erwaihnt, es 
gelingt ein aufsteigendes Bogengefiiss und seine Hinmiindung in ‘die 
dorsale Aorta zu finden. 

Hahn evidently anticipated the possible objection that the 

normal endothelium might have vascularized the operated side. 

He gives reasons for believing that such was not the case. 

The experiments of Miller and MeWhorter (89), like those of 

Hahn, consisted in the separation of one side (and also one end) 
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of chick embryos from the extraembryonic blastoderm. The 
conditions which they obtained were very similar to the results 

of Hahn. Their work contributes two distinct advances over 

that of Hahn. They reconstructed the endothelial tubes ob- 

tained and still more important, their method of separation of 

the axial portion of the body from the blastoderm was by incision 
rather than by the crude and uncontrollable method of cauteri- 

zation or burning. The amount of injury along the line of 

separation is certainly much smaller in the method introduced 

by Miller and McWhorter. Their work was submitted as proof 
of the local origin of endothelium. Prior to, and following its 
publication the objections urged against this work were inclu- 

sive of the following: (1) the incisions may not have been made 

sufficiently close to the embryonic axis; (2) they may not have 

been made sufficiently early; (3) endothelium may have grown 

in from the opposite side or from the ends. Prior to my own 

work (52) the only published comment on the interpretation of 
local origin in such experimental cases, besides a short discus- 

sion by Schulte is that of Bremer (4, p. 462) who in discussing 

the work of Griper, Hahn, Miller and McWhorter, states: 

From the differences in the conclusions reached by two of these 
authors (Griper and Hahn) it seems certain that more work should 
be done along these lines before a consensus of opinion can be expected. 
I wish to point out a few possibilities which should, I think, be consid- 
ered in any such future work. 

As shown in my reconstructions of rabbit embryos, the vascular net 
has an irregular mesial border, certain strands lying further toward 
the midline than the position of the future aorta. 
Though in young embryos the extension of these strands across the 

median line of the embryo proper to form a net on the opposite side 
is rendered impossible by the close approximation of the medullary 
groove, notochord, and entoderm, yet long before the stage figured 
in many instances cited by these authors the mesoderm has grown 
across the median line and might afford a pathway for endothelial 
sprouts from side to side. 

Another and earlier pathway is at the posterior end of the embryo, 
behind the primitive streak where the mesoderm very early extends 
across the median line. The angioblast cords, by which connections 
from recognizable blood-vessels to apparently isolated angiocysts can 
be traced (if we accept, for the moment, and for the purpose of argu- 
ment, the extension theory) are delicate strands, easily overlooked, and 
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moreover may last only a few hours, if the mechanical conditions are 
not favorable to their continued development into vessels. It is not 
to be expected, therefore, that anything short of a very complete 
series of such operated embryos, fixed at progressively longer intervals 
of incubation after operation, can settle whether or not there is any 
extension from the opposite side. 

Concerning the communication of vessels of the two sides, I 
may say that such connections may sometimes be found in the 
head-region ventral to the pharynx in completely isolated head- 

meroplasts. Such cases (fig. 22) probably have little significance 
for the experiments of Hahn, and Miller and McWhorter. 

Whatever may have been the validity of the objections urged 

against these experimental results, the above review gives the 

exact status of the endothelium-controversy at the time at which 

the present work was begun. In general my results have been 

made known through a previous publication (52). These former 
results, together with many more recent ones are incorporated 

in the present communication. 

IV. MATERIAL, METHODS AND OBSERVATIONS 

1. Chick material and mechanical methods 

We have considered the previous experimental results on chick 

material, and have enumerated the objections urged against 

their finality. Doubtless the most serious objection to the 
experimental work on chick material which had preceded my 
own, was that of the possibility of ingrowth from the opposite 
side. It had been suggested that nothing short of a study of 

a large number of closely graded stages could furnish a basis 

for conclusive evidence. It is evident, however, that such a 

study might still remain open to the objection of those who 

require still more thorough-going investigations. Such a situ- 
ation must necessarily confront us unless there be some means 

of altering the technique of operation, or increasing its severity 

to an extent which will eliminate the necessity (though by no 

_ means, the desirability) of such an extensive study. It occurred 

to the writer that a feasible method of eliminating the possi- 

bility both of ingrowth and of further extension from the oppo- 
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site side, would be that of isolating both sides from the outlying 
blastoderm—or better still, to isolate completely the embryonic ° 

body or portions of it from all the outlying blastoderm at a 
time before the embryonic tissue is vascularized. It is evident 

that if endothelium should then appear in the isolated tissue 

following further incubation, such endothelium could not possi- 

bly represent an extension or ingrowth of a yolk-sac vessel. 

Under these conditions the question of growth from the oppo- 

site side would not concern us, so far as the proof of local origin 

is involved. 

As before noted, it was objected that the operations of Miller 

and McWhorter may not have been done early enough, and 

that their incisions may not have been made sufficiently close 
to the embryonic tissue. In seeking a means of overcoming 

these objections I happened on the following procedure: at the 
time of operation it is possible to remove the yolk-sac blasto- 

derm lateral to the line of separation on one or both sides. In. 

case only a head-fragment is to be further incubated, it is possi- 
ble to remove with the blastoderm that part of the body-axis 

which normally should first contain blood-vessels. ‘This tissue 

is preserved at once and sectioned. In this manner one can 

determine exactly the status of the extraembryonic vascular 

tissues. By this means it is possible, with safety, to let the 

embryos develop to a much more advanced stage before oper- 
ation than would be permissible by the methods of any previous 

observers. From this it is not to be inferred that in all cases 
it is desirable to wait until the latest possible time of exclusion 
of ingrowth before performing the operations. If the general 

method be trustworthy, one should be able to get positive 

results long before vascular tissue has developed dangerously 

near the embryo’s body. The great advantage of operating at 

as late a stage as possible is, that the abnormality produced is 
likely to be less, and growth and differentiation proceed farther 

the older the embryo is at the time of operation. If allowed to 

summarize what I believe to be my contributions to the experi- 

mental technique of studying endothelium, I would say that so 
far as mechanical methods are concerned they are these: com- 
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plete isolation of the unvascularized tissue, and a means of 

obtaining accurate knowledge of the conditions in the outlying 

tissue. Given these, the method becomes a critical one. It 

should satisfy all reasonable demands of experimental proof. 
To say the very least, the endothelium which can develop in 

the isolated tissue under such conditions cannot have grown 
in from an outside source. 

Whether the endothelium which undoubtedly does form under 
these conditions represents in a faithful manner the essentials 

of its normal development is not for me to say. All that can 

be claimed is that my figures show conditions which were actu- 

ally obtained. Further study alone can determine what sig- 

nificance is to be attached to these conditions. 

Record of material used in tiiustrations in Part I 

INTERSO- 

MITIC BLASTO- 

oes No. | Gnooves | Coparon | STAIN, «| DeRMEx- | TMUTCCRES 
OPERATION 

hours 

I 19 1 32 m.b.-e. AF 11 

I 24 0 29 m.b.-e. ata 12 

IL 18 1 30 m.b.-e. AF 13 

JUL 8} 2 48 m.b.-e. sPar 16; REELS 

I 31 2 32 m.b.-e. ara 14, 19, 21 

I il¢ 1 33 m.b.-e. == 15 

I 22, 0 34 m.b.-e. sPaF 2022 

I atl 0 31 m.b.-e. _ 29 

I 34 0 29 m.b.-e. _ 30,00 

JUL 133 0 38 Fe.h. sr 23 

IT 96 3 48 Fe.h. _ 24 

II 116 1 40 Fe.h. + PAD, Ao) 2d 

II 52 1 38 Fe.h. -+ 28 

IT 124 2 41 Fe.h. 4. 30 

II 149 0 36 Fe.h. + Bill, BY, Bis) 

II 53 2 39 Fe.h. a 34 

II 88 2 44 Bx.c. aE 37, 38 

If 14 0 35 Fe.h. + 39, 40, 41, 42, 43, 

11 48 0 ay Fe.h. a 44, 45, 46, 47, 48 

Explanation of abbreviations used in table: m.b.-e. refers to my modification 

of Mann’s methyl blue-eosin stain, Fe.h. indicates iron haematoxylin; Bz.c. 

indicates borax carmine. Two plus-marks indicate that the extraembryonic 

blastoderm is shown in illustration. 
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b. Complete isolation of meroplasts. In general the methods of 

operation have fallen under two types: Experiments designated 
as Type I are those in which a small portion of the embryonic 

body was completely isolated from the outlying blastoderm. 

An examination of figures 1 and 2 will explain the methods by 
which this complete separation was accomplished. Chick em- 

bryos prior to the formation of intersomitic grooves, and stages 

up to the formation of three intersomitic grooves constitute the 

1 Diagram to illustrate the blastodermal incisions in experiments of Types 

IT and II. Broken lines represent the incisions in Type I. Dotted line G to H 

indicates the transverse incision in Type II in which incision F to F is omitted. 

2 Lateral view of the head-fragment of Type I pushed back to be severed 

from the proamnion at point where a broken line intersects. 

material studied. It was found, on examination of the blasto- 

derms that blood vessels were not generally to be found near 
the embryonic axis at the time of the first intersomitic groove. 

There are, however, sufficient exceptions to this to make an 

examination of the blastoderms always desirable. Normal incu- 
bation was generally allowed for about eighteen to twenty hours; 

this had to be varied in different seasons. 
The Type I operation consisted in this: longitudinal incisions 

were first made, separating laterally the anterior region of the 
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embryonic axis (fig. 1, A-B and C-D). Next, a transverse inci- 

sion (H-F) served to sever the anterior portion of the body 
from the more posterior portion; this incision was usually made 

at the anterior intestinal portal. At this time, before com- 
pletely separating the head-fragment from the small band of 
tissue which held it anteriorly, it was found advisable to remove 

the main portion of the blastoderm. The method of doing this 
will be understood by following the broken curved lines from 

points B and D, laterally and posteriorly; a transverse incision 

was then made, joining their posterior extremities. The large 
piece of blastoderm obtained by this means was preserved at 
once, to be sectioned later. The head-fragment was then com- 
pletely isolated by the incision shown in figure 2. This figure 
represents a side view of the head (represented entirely too large) 

which has been pushed back so that the incision can be made 
with greater ease. Such a fragment generally sinks to ‘the 

bottom of the sub-germinal cavity. Following the operation 

the egg was sealed and incubated to a total age of from twenty- 

four to forty-eight hours; after that time, degenerative changes 

could be seen in the tissues. Differentiation did not usually 
proceed beyond that of a normal thirty-two hour embryo. 

Growth, on the other hand, varied greatly. Meroplasts equally 

differentiated might vary greatly in size. As I have previously 

noted (52, p. 334) it seems that the embryonic meroplast “ pos- 

sesses an inherent capacity for differentiation which tides it over 
to a time when heart-pulsation should normally provide a means 

of tissue-respiration.”’ 
After the final incubation the tissue-fragment was removed 

and preserved in picro-acetic acid, sectioned, and stained. ‘The 

stain ordinarily employed was my modification (51) of Mann’s 
methyl blue-eosin stain. In a number of cases in which an 

attempt was made to utilize mitotic figures as a means of deter- 

mining the origin of the prevascular tissue, the sections were 

stained in iron-hematoxylin and counterstained with acidulated 
methyl blue. Ordinarily the sections were cut 4 micra in 

thickness. 
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Sections of such fragments displayed surprisingly normal con- 
ditions. The neural grooves would often close normally. If the 

incision H-F (fig. 1) were made posterior to the anterior intesti- 

nal portal, the flat blastoderm would often concresce to form a 
tube. The sections often contained coelomic cavities appar- 

ently farther anteriorly than one should expect to find in the 

normal embryo. Above all, such fragments generally contained 

blood-vessels in various stages of development. 

A very typical picture, frequently obtained in head-meroplasts 

severed at the anterior intestinal portal is that seen in figure 
11. Here in the fore-brain region the neural folds have failed 

to meet each other. A head-coelom has developed. On the 
right side of the figure there is a rather large endothelial cavity 

with a smaller one below it. Such structures are absent on the 
opposite side in this particular plane of section. 

Since some of the figures of this paper have been previously 

described (52) they need not be dwelt on at great length. With- 

out giving a great deal of evidence concerning the origin of the 

- earliest prevascular cells, I stated (52, p. 334) that ‘‘between 
the base of the coelomic ‘pouch’ and the pharyngeal entoderm, 

rounded or cuboidal cells become proliferated. Their point of 
origin is in most cases between the base of the coelomic ‘pouch’ 
and the pharyngeal entoderm where it is difficult to determine 
which of these two epithelia is of primary importance in such 

cell-proliferation.”” The cells in question are shown in figure 

12. In figure 13, it will be seen that ventral and lateral to the 

pharynx such cells have arranged themselves into a parenchy- 
matous complex which merges dorsally into, the indifferent 

mesenchyme. At the time when this figure was first published, 

I was inclined to believe that such a condition represented an 

essential stage in the formation of endothelium in this region, 

and hinted that the resolution of such a complex into endothelial 
tubes might be closely related to the accumulation of plasma in 

its meshes. My more recent experiments lead me to believe 
that such a condition may not necessarily be passed through by 
the tissue in this region; that the tubes may be formed by a 

more direct and active manner, in which isolated vesicles are 
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formed without the intervention of a parenchymatous stage; 

that such isolated vesicles coalesce to form the tubes; that such 

tubes are enlarged by the addition of single mesenchyme cells, 

or by the addition of solid or hollow groups of cells. There 
appear certain cases, however, exhibiting a parenchymatous 

arrangement of cells which, from their staining reaction, are to 
be interpreted as true endothelial cells. 

In figure 14 is shown a cross (perhaps frontally inclined) 

section of a head-meroplast. On the right the incision was very 

close to the brain tube. The dorsal mesenchyme has arranged 

itself into the form of an epithelium. The incision included the 
pharynx, causing it to gap open and be displaced by tension of 
the opposite side. The cut edges of ectoderm and entoderm 

end blindly. Lateral to the ventrally directed U-shaped por- 
tion of the pharynx an endothelial tube is seen on each side. 
Between these two tubes is a solid ventral connection. The 

conditions here resemble heart-formation to a certain extent. 
The coelomic walls have met mesially, but their place of meet- 
ing is ventral to the pharynx; the latter has not been constricted 

for the reason that it was already tubular at the time at which 

the operation was performed, whereas in heart-formation the 
transformation of flat entoderm into tubular pharynx is an 
essential process. A more accurate figure of the ventral region 

of a neighboring section is shown in figure 21, in which many 

structures are figured less diagrammatically. . 

Conditions somewhat similar to these are shown in figure 15. 

The longitudinal incision, as seen on the left of the figure, was 

not far from the median plane, and here again the mesenchyme 
has formed an epithelium which merges so gradually into ecto- 

derm that it is impossible to determine where that layer begins. 

It will be noted that on the left side of this embryo no endo- 

thelium has formed. When the incision is made so close to the 

median plane, such conditions often result; it seems to stimu- 

late a vigorous growth of mesenchyme which becomes so dense 

that the formation of endothelium is impossible. Such close 
incisions are not necessary for the prevention of vascular in- ~ 
growth. 
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A condition similar to those described in embryo Type I, 

No. 31 (figs. 14 and 21) is seen in Type I, No. 122 (fig. 22). In 

this embryo the endothelial tubes have a median connection, 
but in this section their cavities are distinct. Posteriorly the 

cavities themselves communicate. Despite the great differences 
in the development of the blastoderms at the time of operation, 

Type I, No. 31 and Type I, No. 122 show very great similarity 

of structure; the conditions in the former are shown in figure 19. 

This figure is a photograph of a cross-section of the blastoderm 

(exclusive of the meroplast) which was removed at the time of 

operation. In this operation the incisions A-B and C-D extended 

somewhat posterior to the line H-F. The plane of section lies 

between the line #-F and an imaginary line A-C (fig. 1). Thus 

we obtain a section showing the body axis, discontinuities corre- 
sponding to the longitudinal incisions A-B and C-D, and lateral 

to these, the outlying blastoderm. Such a section records both 

the position of the longitudinal incisions and the conditions of 
vascular development in the body axis as well as the extra- 
embryonic area. This section shows the greatest mesial extent 

of the yolk-sac vascular tissues which are in continuity (fig. 19). 

Lying here and there, mesial to these vessels, are occasional 

cells or groups of cells, apparently in process of separating from 

the splanchnopleure. These may well be regarded as fore- 
runners of vascular tissue. No vessel fulfilling the requirements 

of a sprout of ‘angioblast’ had yet approached the median axis. 

The tissue between the two incisions (fig. 19) represents the 
middle or anterior part of the hind-brain region. It would 

perhaps have been the first part of the body to have been 

‘invaded’ by vitelline capillaries, if invasion had been the true 
process of vascularization. The longitudinal incision repre- 

sented on the right side of figure 20 was not parallel to the 
median axis, but approached it anteriorly. 

Figure 20 is a photograph of a transverse section of the blasto- 

derm belonging to the meroplast of which figure 22 is a section. 

The plane of figure 20 is only a short distance behind the line 
E-F of figure 1. The points A and C in this case lie in the 

line H-F'; hence the effects of the longitudinal incisions are not 
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shown in this section. The stage of operation in this case was 

considerably before the time of appearance of intersomitic 

grooves. ‘There is as yet no formation of vascular tissues, even 

in the area opaca. The mesoderm is still uncleft. This and 
the foregoing case illustrate very well the advantages of remov- 

ing the outlying blastoderm at the time of operation. One 
could, with impunity, have allowed this embryo (Type I, No. 
122} to incubate longer, provided the blastoderm had been 

removed to check the result. I have in no case offered as proof, 
however, any material in which the vascular tissue of the yolk- 

sac was seen to have come near the line of longitudinal incision. 

Figures 29, 35, and 36 are also from completely isolated frag- 

ments, illustrating in a positive manner the local formation of 

endothelium. But in addition to this they display certain 
special features of interest in other connections to be dealt with 

later in this work. 

c. Incomplete isolation of meroplasts. Another type of experi- 
ment performed was one which may be designated as Type II. 

In such experiments the operated tissue was not completely 

severed from the outlying blastoderm. Generally the embryonic 

tissue left to further incubation consisted of a portion of the 

body axis united with the opaque area anteriorly by a small 

strip of proamnion. It was repeatedly observed that any con- 

nection with the blastoderm greatly favored the vitality of the 

meroplast. Again a consultation of figure 1 will make clear 

the method of operation. Longitudinal incisions corresponding 

to A-B and C-D were made of lengths varying from those which 

separated only a portion of the head, to those which extended 

back well into the posterior region. In case only the head or 

trunk-region was desired, an incision G-H served to separate the 
meroplast posteriorly, and also to separate the posterior blasto- 

derm from the more anterior portion of the body-axis. The 
blastoderm not included in the meroplast was removed at the 
time of operation to be sectioned. 

In meroplast No. 3 of Type II, the longitudinal incisions 
reached posteriorly to the plane of the line G-H, which also 
shows approximately the position of the transverse incision 
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which severed the anterior and posterior portions of the embry- 

onic body, and which also was the transverse line of separation 

of the blastoderm. In this experiment all the blastoderm an- 
terior to the line G-H was left for further incubation, while that 

posterior to it was removed. Figures 16, 17, and 18 show the 

conditions as seen in sections of the meroplast and its blasto- 
derm-control. Figure 16 is a cross-section through the anterior 
portion of the fore-brain. The cut edges of the entodermal and 

ectodermal layers of the proamnion have fused, forming pos- 
teriorly a blind sac into which there seems to have grown from 

the anteriorly lying coelom, a sac which likewise ends blindly 
within the posterior region of the proamniotic sac. Formerly 

I regarded the presence of this coelomic sac as abnormal. It is 
probably a normal structure, so far as the presence of coelom 

in the proamnion at this stage is concerned. It will be seen that 
the cut edges of ectoderm and entoderm of the outlying blasto- 
derm have fused. The only possible path by which yolk-sac 

vessels could have reached the embryonic axis would have been 

by way of the proamniotic sac. It will be noted that the latter 

is devoid of blood-vessels. 
Figure 17 is a section through the mid-brain region of this 

same meroplast. Its interpretation will be facilitated by refer- 

ence again to figure 1. Since the incision G-H was made con- 

siderably behind the anterior intestinal portal, the axial tissue 
included between the longitudinal incisions and lying between 

the anterior intestinal portal and the incision G-H was neces- 
sarily composed of three layers at the time of operation. Dor- 

sally there was ectoderm, ventrally entoderm, and between the 
two mesoderm was present. The cut edges of ectoderm and 

entoderm have fused, and the dorso-ventral expanse of the 
contained tissue has rounded the axial portion into an almost 
cylindrical shape. Thus the meroplast has the superficial ap- 

pearance of a tubular head-portion of the body axis as one 
finds in the fore-brain region projecting over the blastoderm. 

Since this section lies behind the anterior intestinal portal, there 
is no ventrally lying proamniotic sac. Although the body ap- 

pears to be tubular, it contains no alimentary tube. The ven- 
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tral wall of the meroplast is really the dorsal wall of the pharynx 

The anterior axial tissue is very degenerate in appearance. At 
about the beginning of the mid-brain region there is an extra- 
ordinarily abrupt change in the tissue to a very perfectly normal 

and healthy condition. This experiment yielded the most 

satisfactory result which I have been able to obtain, due to some 
favorable condition which I have never been able to duplicate. 

Two very well developed aortae are present. Figure 18 is a 

section through the blastoderm of this same embryo. Its plane 
passes through the hind-brain region where the first axial vessels 
should be expected. It shows the freedom of the area pellucida 
from endothelium. 

d. Splanchnopleural concrescence and the mechanics of heart- 

formation. So far we have considered the conditions in the 

head region where a portion, at least, of the body axis was 

tubular at the time of operation. It is evident that the region 

of the body which becomes tubular by the folding and constric- 

tion of flat layers must have some interesting experimental possi- 

bilities. In the trunk-region the nearness of the longitudinal 

incisions to the median line profoundly affects the reaction which 

the tissue will give. If the incisions be relatively near that line 

the three germ-layers retain their horizontal position, or at 

least show no tendency towards concrescence (fig. 31; the right 

sides of figs. 24 and 44). If the incisions be made slightly more 

lateral (fig. 39) there is a rather abortive attempt at concres- 

cence to produce an alimentary tract. One side will exhibit 

this tendency, even though the incision on the opposite side 
was so close to the body-axis that there could be no concrescence 

(figs. 24, 25, 35, and 44). This shows conclusively that the 
process is not one of mutual attraction of the opposite sides. 

Figure 23 shows in a most striking manner the close relation 

existing between the nearness of incision to the body axis and 

the degree of concrescence. In this instance the incisions are 

unequally distant from the median line, and the side containing 

the greater amount of tissue underwent the greater amount of 

concrescence. There is almost mathematical exactness in this 

relation of the amount of intact tissue to the angle of concres- 
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cence. Incidentally it might be mentioned here, as will be con- 

sidered later, that the size of the endothelial tubes obtained 

(fig. 23) also bears a close relation to the amount of tissue left 

intact. It will be noted (figs. 23, 25, 30, 38, 39, and 44) that 

there is a tendency for ectoderm, both layers of mesoderm, and 

entoderm to remain united at the line of incision. When this 

happens, as it ordinarily does, the parietal mesoderm and the 

ectoderm share in this ventrally directed concrescence. Thus 
in some cases the tubular meroplast produced by the fusion of 

these ventrally directed complexes may be entirely surrounded 

by ectoderm (fig. 28) or partly so, as in figure 27, in which a part 
of the ventral ‘body wall’ is composed of entoderm. In this 

latter connection it is profitable to consider again the condi- 
tions in figure 17 where, as we have already seen, the entire 

ventral ‘body wall’ is entodermal. On the right side of this 
figure it will be noted that the incision was relatively close to 
the body axis. Whatever attempt there may have been made 
on this side at a ventral concrescence was annulled by the 

remarkable dorso-ventral expansion of the tissues, which even 
caused the entoderm to bend upwards. On the left of the figure 
it will be seen that the incision was located somewhat more 
laterally—obviously more lateral than the most lateral extent 

of the potential dorsal wall of the pharynx. The apex of the 
projecting fold on the left side represents the point of fusion of 
ectoderm and entoderm. This fold is somewhat ventrally 
directed, so that here we have a feeble attempt at a ventral 

concrescence. It would undoubtedly be possible to get a com- 

pletely graded series of trunk-meroplasts from those whose entire 
ventral wall is entodermal, to those entirely surrounded by 

ectoderm. 
It does not always happen that parietal and visceral meso- 

derm remain united, as one sees in figure 35; but in all cases 

this parietal complex tends to be somewhat ventrally directed. 

In no instance have the parietal layers folded dorsally to simu- 
late amnion-formation. It may be that the mechanical condi- 

tions of the operation cause the mesodermal layers to be united 

for a time, and that when they part, the upper complex is unable 
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to continue a dorsal up-folding. In some cases the parietai 
layers remain in a practically horizontal position appearing as 
rather inconspicuous appendages of the visceral lamellae which 

have evidently continued their growth. This size-difference is 

shown somewhat in figure 35. 

Let us now consider the behavior of the locally formed endo- 
thelial tubes during this process. Since in all cases considered 

the operations were performed at a time before the embryonic 
fundament was vascularized (as was in most cases actually 
verified by an examination of the blastoderm themselves) the 

endothelial tubes in the trunk-region are local formations. Since 
these endothelial tubes le in the region of normal heart-forma- 

tion, their behavior is of interest. 

In figure 23, morphologically ventral and internal to the 
line of incision on each side will be seen in section an endo- 

thelial tube. That on the right is the larger, as has already 

been noted. The adjacent splanchnopleure has invaginated so 

as to conform to the size and curvature of the surface of the 
endothelial tube on each side. The conditions remind one of 
mammalian heart-formation prior to the ventral approach of 

the bilateral anlagen.- It is impossible to say just how far the 

process would have continued if the tissue had been left to further 

incubation. 
The trunk-meroplast Type II, No. 116 is of interest in that it 

portrays the process of conecrescence as it may be followed pro- 

gressively from the posterior to the anterior region. Fortu- 

nately the incision on the left side (figs. 25 and 26) was nearer 

to the median line in the posterior region than it was in the 
anterior region; thus in the posterior region the tissue remain- 

ing intact on the left side is much smaller in amount than on the 

right. As the line of incision on the left side gradually diverged 

from the median axis anteriorly, the tissue on the two sides 
became equal by the time the incisions reached as far anteriorly 
as the tubular head-region. On the left sides of figures 25 

and 26 it is seen that the formation of endothelium has been 
inhibited in the posterior region. Farther anteriorly, however, 
endothelium has formed on this side so that the median heart 
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in figure 27 is a bilateral structure. Figure 25 shows a well- 
advanced concrescence. Entoderm can readily be distinguished 

from ectoderm by the darkly staining globules. In figure 26 

the entodermal layers have met and fused. The entoderm 

which is to form a portion of the ventral ‘body wall’ of the mero- 

plast (morphologically the entoderm which lies next the yolk) 

has severed its connection with the tubular pharyngeal ento- 

derm; as there are no endothelial tubes in the immediate region, 

the opposed splanchnopleutic mesodermal layers have come 

directly together. Such endothelium as there is lies ventral to 
their point of contact. Mechanical conditions may account for 
the failure of endothelium to form. between visceral mesoderm 

and entoderm at a level dorsal to this place of contact. More 
anteriorly, in sections not shown in these figures, bilateral endo- 

thelial tubes fuse mesially to form a single chambered heart 

(fig. 27). Well-developed dorsal aortae are present. The thick- 

ened entoderm on the ventral side of figure 26 is not material 
derived from the area vasculosa. Its thickness has been con- 
tributed to by the vertically lying fused entoderm which has 
subsided in consequence of the severing of connection of the 
latter with the tubular pharynx. The place of incision was 
within the limits of the area pellucida. Also the entoderm from 
each side was somewhat thickened as this region contains the 
‘Narbe’ caused by each incision. These conditions are not 

comparable to those of Griaper’s figure 24 (16). In my figure 
27 the meroplast has a complete ventral ‘body wall’ which is 

composed partly of entoderm. In some sections posterior to 
this, the duplex nature of the heart is indicated by the duplicity 

of the endocardium; here it is single. One can here detect the 
double nature of the myocardium by the small, median, ven- 

trally directed point of fusion of the originally right and left 

splanchnopleural anlagen. Opposite, close to, and directed to- 
wards this myocardial protuberance is a sharp projection of the 
horizontal splanchnic mesoderm (i.e., the mesoderm associated 

with the ‘body wall’ entoderm). These two projections repre- 
sent sectioned folds which are remnants of the ventral mesen- 

tery of the heart; they have been continuous structures but have 
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lost connection just as in normal heart formation. The part 

of the concresced entoderm not utilized in the formation of the 
pharynx has contributed to the formation of the abnormal ‘body 
wall.’ So far as the body wall is concerned, the conditions in 

this experiment are as if one should remove the yolk of a telo- 
lecithal ovum and unite the cut edges of the ectoderm by a splice 
of splanchnopleure. 

Figure 24 is a section through a trunk-meroplast. The inci- 
sion on the right was rather close to the embryonic axis. On 
the opposite side the tissue was left in communication with the 
blastoderm. Concrescence from the left side has not only 
reached, but has crossed the median line. The large heart is 

really unilateral, exhibiting conditions closely resembling Graper’s 

figure 21. This tendency of the unilateral heart to assume 

the dimensions of a normal heart is often very striking in em- 

bryos in which one side is left in communication with the 

blastoderm. 
e. A possible interpretation of certain ‘mesothelial funnels’ and 

multiple hearts. One of the most striking phenomena to be 

observed in meroplasts containing the heart-region is the -reac- 
tion of visceral mesoderm to the development of endothelial 

tubes. One is impressed by the fact that where the vitelline 
veins enter the body axis the visceral mesoderm is profoundly 
affected. A most interesting problem is the determination of 
the causal relationships involved. At present it is possible to 

offer no more than a suggestion for the solution of this problem. 
This much is certain: in the heart region of these meroplasts 

excised on each side from the blastoderm, groups of cells become 

proliferated between entoderm and splanchnic mesoderm; these 
cells have a tendency to align themselves into solid cords or 
hollow tubes, sometimes reticular or branched, sometimes singly 

and sometimes separately as independent structures; correlated 

with the presence of these structures there is a marked tendency 
of the adjacent splanchnic mesoderm to attempt to enfold them. 
Thus if a cord or tube lie longitudinally along the pharyngeal 

wall, there is a tendency for the adjacent visceral mesoderm to 
extend a longitudinal fold dorsal to the cord or tube, and a 
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longitudinal fold ventral to it, so that in section there appears 

a funnel-shaped reflection of the splanchnic mesoderm towards 

the dorsal surface of the endothelial tube, and a similar one 

ventral to it. In case there be more than one endothelial tube, 

one ‘funnel’ may project between two tubes (figs. 28 and 29). 

It is rare indeed to find the apex of such a ‘funnel’ abutting 

against or pointing towards the middle convexity of the surface 
of such a tube. These mesodermal folds have a tendency to 
project into a plane mesial to the endothelial tube to meet each 
other, thus completely engulfing the endothelial tube (fig. 3). 
The internal dorso-mesial element of the upper ‘funnel’ may 
fuse with the internal ventro-mesial element of the lower ‘funnel;’ 

at the same time the external ventro-lateral element of the 

dorsal ‘funnel’ may fuse with the external dorso-lateral element 

of the ventral ‘funnel.’ When these fusions have taken place 
(fig. 43) the process may be carried still further. The layer of 
mesoderm engulfing the tube may separate from the remaining 

mesoderm at the raphé of fusion of the apices of the two mesial 
folds or ‘funnels,’ so that the endothelial tube is now (fig. 4) 

completely surrounded by a cylinder of mesoderm which is in 

every way comparable to a myocardium except that there is 

neither a dorsal nor a ventral mesentery. What corresponds 
to one lateral half of the normal dorsal and ventral mesenteries 

now lies mesiz! to the unilateral heart as a sheet of mesoderm 
lying parallel to and closely against the entoderm; anteriorly 

and posteriorly this mesial surface of the unilateral cardiac tube 

necessarily joins this layer of mesoderm if the cardiac tube 

again re-enters the body-axis (fig. 4); also the remaining surface 
of the myocardium is reflected back as parietal mesoderm. 

The preceding explanation applies to the condition in which 

the unilateral myocardial tube ‘leaves’ the pericardial cavity and 
joins again the axial portion of the embryo. I have repeatedly 

found such conditions. Let us now consider a case in which 

the cardiac tube ends blindly in a unilateral pericardial cavity. 
Experiment Type II, No. 14 illustrates such a condition (figs. 

3, 5, 9, 10, 39, 41, 42, and 43). The results obtained by this 

experiment can perhaps be explained by imagining the follow- 
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Coel. Vis mes. 

ae Ect 

-- Parmes 

3-10 Explanation of abbreviations. Coel., coelom; Ect., ectoderm; Endc., 
endocardium; Ent., entoderm; Myc., myocardium ; Par. mes., parietal mesoderm; 
Pcd., pericardium; Ph., pharynx; Pv.m., prevascular mesoderm; Vis. mes., vis- 
ceral mesoderm; x, point of fusion of ectoderm and entoderm. 
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ing process to have taken place: in the anterior potential heart- 

region the entoderm was probably in close contact with the 
pharyngeal entoderm as illustrated in figure 7. Such a condi- 
tion may have obtained as is illustrated in figure 7, which is a 
hypothetical dorsal view diagram of an early stage in the devel- 

opment of this meroplast. In figure 10 the splanchnic meso- 
derm is closely applied anteriorly to the wall of the pharynx. 
Anteriorly no pre-endothelial tissue is shown, just as in figure 

7. In the posterior heart-region of figure 7 the splanchnic 
mesoderm lies farther away from the pharyngeal wall, leaving 

a space into which pre-endothelial tissue was proliferated. Such 
a condition must have existed in the posterior region of the 
cardiac coelom, otherwise the conditions in later development 
could not be explained. As a possible transition between the 
stage just described and the conditions actually observed in 
figures 3, 6, 10, and 39 to 44, figure 8 is submitted. The plug 

of vascular tissue has increased in length and has enlarged 
somewhat anteriorly. The visceral mesoderm is giving off a 

mesially directed fold dorsal to the pre-vascular proliferation, 

and a similar fold ventral to it. At the same time the visceral 
mesoderm is invaginating to receive the proliferation. What- 

ever may have been the actual process involved, figure 9 shows 
diagrammatically the condition found when the tissue was 

sectioned; the plane of each section is roughly indicated by 

arrows in this figure. The blindly ending cardiac endothelium 
is enclosed by a blind sac of myocardium which projects an- 
teriorly into the coelom. The conditions in the diagram are 

greatly simplified, and no attempt was made to show the con- 

ditions accurately. In this, as in many other instances, there 

was a number of ridges on the inner myocardial surface in addi- 
tion to the two principal folds which encircled the endocardial 
tissue. These ridges are characteristic of cases in which the 

formation of the vascular tissue is somewhat irregular or con- 

siderably arrested. Detailed descriptions ot the actual sections 

are given in another connection. 

To summarize the facts just considered, it seems that cardiac 

endothelium can develop when visceral mesoderm does not 
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press too closely to the entoderm. When the endothelium starts 
to develop, the visceral mesoderm gives off mesially directed 

folds, and perhaps at the same time invaginates in such a man- 

ner as to conform to the contour of the endothelial tubes and 
to engulf the latter by the mesial fusion of these folds. Such 
funnels, in the heart region at least, are probably not concerned 

with the production of endothelium, but rather in furnishing it 

with a myocardial covering. The covering may be found around 

a single tubular unilateral anlage; but in case the anlage be 

branched, or a formation from venous rootlets, the branches or 

rootlets may be provided individually with a myocardial cover- 
ing. Such formations are probably in process in figures 28 and 
29. Here it will be seen that each endothelial tube is partly 

surrounded by myocardium. ‘These facts are of interest in con- 
nection with the phenomenon of multiple heart-formation which 

is sometimes observed. 

_ For a number of years, cases of duplex heart-formation have 

been known, and have been ascribed to various causes. Panum 

explained double heart-formation on the assumption that a pull 
on the bifurcated ventral aorta had torn asunder an already 

formed heart. Rabl and others have attributed it to a failure 
of the bilateral heart-anlagen to fuse into a single heart. Vari- 
ous cases of multiple hearts have been observed. A most 
unusual case is that described by Verocay in the proceedings 

of the Deutsche Pathologische Gesellschaft, 1905. He described 

a case of a chicken with seven hearts (Heptacardia). At a hotel 

in Cortina d’Ampezzo, an apparently normal fowl was found 

on evisceration to contain a peculiar clump of tissue which when 
further examined was found to contain seven hearts. Unfortu- 

nately the specimen was badly mutilated. Later examination 
of this clump of tissue by Verocay (73) revealed the fact that 

five of the seven hearts were of normal shape and size. The 
two which were removed from the rest exhibited normal rela- 

tionships of heart-cavities, valves, and stems of the arterial 

vessels. It was impossible to determine the relationships of the 

great veins and the auricles. Verocay believed that each heart 

had been provided with a separate pericardium of its own. It 
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is difficult to imagine a process by which such a condition could 

have been attained. Verocay explained the existence of multi- 

ple hearts on the following basis as Rabl and others had pre- 
viously done: there may have been a failure of the lateral anlagen 

to fuse; also since each of the lateral heart anlagen normally is 

a single vitelline vein, it is conceivable that individual hearts 

had been formed from the rootlets of vitelline veins or from 

multiple vitelline veins. Graper points out the fact that in the 

preparation which Verocay studied there were present several 

compact knots of liver tissue “‘which cid not represent a muti- 
lated liver, but seemed to be a case of multiplicatis hepatis 

together with multiplicatis cardis.””. Such a condition could be 

explained on the assumption that the venous rootlets or multiple 
veins had individually been surrounded and invaded by hepatic 

proliferation from the wall of the gut. Conditions such as these 
serve to emphasize the importance of the influence of develop- 

ing parts on each other—a class of phenomena too often over- 

looked and greatly underestimated. 

Griper attempted to prove experimentally that duplicate 
hearts result from a failure:of the bilateral anlagen to fuse. 

This he did by a median incision prior to heart-formation. None 

of the conditions figured by Griper give a clue to the formation 

of more than one heart-anlage on each side. My figures 28 and 

29 may perhaps be of interest in this connection. None of my 

experiments has approached the possibility of producing a seven- 

hearted condition. 
f. The dorsal aorta. Meroplasts produced by longitudinal in- 

cisions extending well into the posterior region yielded more or 

less perfectly developed dorsal aortae which could be traced, 

sometimes continuously, sometimes discontinuously, to the un- 

doubted dorsal aortae of the head-region. Such findings are of 

importance owing to the fact that it has been regarded as proved 

by injection (Evans) that the dorsal aortae of the chick are 

formed by longitudinal fusion of the elements of the mesial 

border of the vitelline plexus. Figures 30, 31, 32, 33 and 34 

show dorsal aortae or aortic anlagen which were certainly not 

formed from a vitelline plexus, but are local formations. Such 
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aortae are sometimes abnormally small, and sometimes abnor- 
mally large. That they are lined with true endothelium can 

hardly be doubted. Their position is sufficiently constant to 
assure us of their significance. 

g. Endothelium independent of mesothelium. The work of 

Bremer (4) has revived our interest in the coelom theory of 

the origin of endothelium. Bremer found that coelomic meso- 
thelium furnishes a source of endothelial tissue in the body-stalk 

of the early human embryo; he found that the body-stalk 

vascularized before yolk-sac vessels appear. Here was clearly 
a case in which the blood-vessels did not represent an ingrowth 
from the yolk. Bremer made the suggestion that all «ndothe- 
lium might arise from mesothelium. He accounted for the 

presence of sauropsidan vitelline vessels prior to coelom forma- 
tion on the yolk by postulating their origin from a ‘“‘premeso- 

thelial stage of mesoderm.” I have previously pointed out (52) 
that Riickert has shown in case of isolated blood-islands, that 
cell groups proliferated from this early vascular tissue cleave to 
form slit-like cavities which later unite with other similarly 

formed cavities to contribute to the formation of the coelom. 
In my previous work (52) I attempted to produce self-vascu- 

larizing meroplasts from regions devoid of coelomic tissue, but 

was unable to do so. Since that time it has been found possible 
to operate sufficiently close to the median line in the posterior 
region to exclude coelomic mesothelium as such, and yet obtain 

endothelial cavities of local origin undoubtedly representing 
aortic endothelium. Such a condition is shown in figure 31. 
In the experiment which yielded this condition, the incision 
E-F (fig. 1) was made in the posterior region of the primitive 

streak. The longitudinal incision was just lateral to the meso- 

blastic somite where the mesoderm was uncleft. Certainly the 
aorta here could not have come from an epithelial sort of meso- 
derm; mesothelial origin seems to be excluded. It might be 

argued that the somite contains cells that are potentially meso- 
thelium, in analogy with the conditions in lower vertebrates. 

This may very well be admitted. In fact it is possible, in an 

earlier stage at least, that any of the mesenchyme cells were 
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potentially endothelial, mesothelial, dermal, or connective tissue. 

The formation of endothelium on the teleost yolk-sac by wan- 

dering mesenchyme cells a great distance from mesothelium 

(77, 50, 66, 53) does not speak for a mesothelial origin of endo- 

thelium. 

2. The origin of the prevascular mesoderm (mesenchyme) 

Thus far, the present account has not been concerned with 

the origin of the prevascular mesoderm, except with evidence 
against the view that this mesoderm is an ingrowth from the 

yolk-sac vessels. It has been noted that Hahn and Grdaper 

each believed himself to have ascertained which of the primitive 
layers is responsible for this vascular tissue. It has generally 

been considered by individual authors that one germ-layer, and 
one alone, is capable of furnishing this tissue. Even those who 

believe the direct precursor of endothelium to be mesenchyme 
would probably derive that mesenchyme from one of the germ 
layers and from no other. Considerations of the supposedly 

high specificity of endothelium have given rise to this view; a 

sponsor of such a view would probably maintain that endo- 

thelium is such a highly specific substance that its origin from 

more than one germ-layer is unthinkable. On the other hand 

it would probably be maintained that mesenchyme is such a 
heterogeneous tissue that any degree of equipotentiality in 

mesenchyme of different sources would be equally unthinkable. 

Considerations such as these probably explain the fact that 
different germ-layers as producers of the vascular tissue have 
generally been regarded as mutually exclusive. Yet when one 

takes into account the ability with which each of these views 
has been defended it seems possible that each may contain an 

element of truth. The immediate section of the present dis- 
cussion is devoted to a possible reconciliation of the two views 

—namely the mesodermal and the entodermal origin of the 

prevascular tissue. 
a. Endothelium from visceral mesoderm, Let us first consider 

the posterior axial region. An experimental study as above out- 
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lined, if concentrated on the posterior axial region, would proba- 

bly lead to the conclusion (as did the work of Hahn) that meso- 

derm is the one source of the vascular tissue. Hahn figured a 

number of cases in which the splanchnic mesoderm was giving 

rise to ventrally directed cells or cell-groups in different stages 

up to their transformation into endothelium. Such cases were 
more numerous and striking in the posterior region; he believed 

that the same process was involved in the formation of endo- 

eardium. Certainly in the posterior region there can be little 
doubt that such mesodermal proliferation takes place. Here 
the dorsal surface of the entodermal layer is generally perfectly 

smooth, seldom having its basement membrane interrupted. 
In the posterior axial region the incipient endothelial tubes or 
plugs are in practically all cases from their first appearance more 
closely associated with the mesoderm than with the entoderm. 

. It has already been noted that a dorsal aorta formed locally in 

meroplast Type II, No. 49. Figure 31 shows a section of the 

posterior axis of this embryo. On the left side the plane of sec- 
tion passes through one of the independent anlagen of the aorta. 

Anteriorly and posteriorly in the aortic line it is found in num- 

erous places that the mesoderm is proliferating ventrally di- 

rected groups of cells, some of which are solid (figs. 32 and 38). 

The plane of section of figure 32 is much anterior to that of fig- 
ure 31; it is a higher magnification showing the tissue lying left 

of the notochord, including the aortic line on that side. The 

plug of tissue projecting ventrally from the mesoderm is not in 

continuity with other similar proliferations. Figure 33 shows 

conditions somewhat comparable to these. This one experi- 

ment has yielded all gradations from these solid tissue-plugs to 

tubular endothelium. Figure 37 shows a series of such down- 

growths from the splanchnic mesoderm. ‘The plane of section of 
figure 38 is far anterior to that of figure 37 and the magnification 

of the latter is greater. From the splanchnic mesoderm in fig- 

ure 37 one sees prevascular proliferations in all stages up to the 
formation of what might formerly have been regarded as angio- 

blastic cords, angiocysts or ‘sprouts’ from these. On the left 
side of figure 29 there runs mesially from the small cyst a solid 
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cord of cells which was observed in section to connect with the 
dorsal aorta; the latter is not shown in this figure. The vascu- 

lar structures in this figure are not connected with those in figure 
38; the two are very far apart in the series. The figures de- 

scribed will doubtless suffice to show the principle involved. 
b. Endothelium from parietal mesoderm. It is possible also by 

experiment to obtain endothelium in a location where it could 
not have developed from entoderm. An example of such a lo- 

cation is the dorsal surface of the parietal mesoderm. These 
observations confirm in every way the previous observations of 

Schulte (63). Here, singly or in groups, cells become dorsally 

proliferated; before or after losing connection with the meso- 
derm (figs. 37 and 38) they may acquire cavities, thus forming 

cysts in every way comparable to those of the splanchnopleure; 
these cysts may be connected by solid cords of cells or by eyto- 
plasmic filaments. Here we have pre-endothelial tissue com- 
pletely separated from entoderm by two layers of coelomic 

mesoderm and by coelomic cavity. There is no observable 

mesial communication between visceral and parietal vessels, and 

certainly none by way of the yolk-sac. Obviously we are justi- 

fied in regarding mesoderm as a possible source of endothelium. 

It will be noted in figure 37 that the ectoderm and entoderm 

have failed to fuse. In instances similar to this I have found 
that a tube of splanchnic endothelium may grow out laterally 
until it projects beyond the line of longitudinal incision. This 

is not only an example of the ability of endothelium to grow, 

but it is also an illustration of the fact that the direction of 

growth is not necessarily mesial. In rare cases a vascular tube 

‘of the splanchnic variety may send a growth laterally and up- 
wards around the fused mesodermal layers and form a parietal 

vascular cavity. Actual parietal cavities most often exist, how- 
ever, which could not have been formed by such a growth, hav- 

ing no connection with the splanchnic vessels, the latter likewise 
having no connection with yolk-sac vessels. ; 

c. Cardiac endothelium from entoderm? It is a familiar fact 

that in many forms the endothelium of the heart appears from 

the first to be closely applied to the pharnygeal wall, often seem- 
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ing in the normal individual to have arisen from entoderm. <A 

most striking case of this sort was reported by Lee (27). It is of 

importance to know whether intimacy of endothelium and ento- 
derm is of primary or of secondary significance. It is highly 

probable that the association of the two tissues is in some way 
causally connected with the fusion of the bilateral endocardial 

tubes. This might be brought about in one of, or a combina- 

tion of two ways. First, endothelium of mesodermal origin 
might approach and become applied to the entoderm at a very 

early stage in its genesis; second, this intimacy of connection 

might be a genetic one; it might be that the assumption of the 

role of vascular proliferation is merely a local adaptation for 
the process of heart-formation in the amniotes. Either of these 
two processes might better insure the meeting of the endothelial 

tubes, following the withdrawal of the intervening entoderm. 

The immediate section of the discussion is devoted to the second 

possibility. 
I shall now present what I believe to be actual instances of 

entodermal proliferation of prevascular mesoderm. It may be 
that I have attached entirely too much importance to these ap- 

parent cases of endothelial proliferation by entoderm. If this 

be true, it has been for the purpose of putting to as severe a test 

_as possible the view in favor of which I have at times been preju- 

diced—namely the view which regards the mesoderm as the 

only possible source of the prevascular tissue. 

In the posterior region where endothelium is unquestionably 

of mesodermal origin, it was seen that cells were moved bodily 

from the more or less ragged surface of the mesoderm. When 

such cells could first be recognized as forerunners of the vascu- 

lar tissue they were invariably more closely associated with meso- 

derm than with entoderm. In the middle heart-region this was 

often observed not to be the case; the vascular cells seemed from 

the first to be more closely related to the entoderm than to the 

mesoderm. At the anterior and posterior limits of the heart, 

transitions between these extreme conditions exist. Now it is 

not characteristic of entodermal cells to leave their epithelium 

and wander about as such in the interstitial regions. If cardiac 
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endothelium can come from entoderm, one should be able to 

find entoderm in the act of proliferating that tissue. Such pro- 
liferation might well be expected to exhibit mitotic figures. 

From these considerations it seemed desirable to stain sections 

of a number of the meroplasts with iron haematoxylin. Mitotic 

figures in the tissues were generally found to be very scarce; in 

one case they were found to be almost incredibly abundant 
(figs. 40 to 44). In this connection it is interesting to note that 

in a demonstration of material at the thirty-second session of 

the American Association of Anatomists, Sabin (61) showed that 

mitosis in chick blastoderms proceeded by definite rhythms, the 
actual time of mitosis being of exceedingly short duration. In 

some of Sabin’s preparations, almost every endothelial cell could 
be seen in almost precisely the same stage of mitosis. 

As we have previously noted, Hahn stated that the basement- 
membrane of the entoderm is never interrupted by a cellular 

proliferation; thus he considered its proliferation of endothelial 

tissue to be out of the question. Let us now consider certain 

cases in which the basement-membrane undoubtedly is inter- 
rupted. Instances of this are most often found in the heart- 
region, such as is shown on the right side of figure 39. Internal 

to the line of longitudinal incision, the entoderm is seen, even at 

this low magnification, to be greatly thickened. This figure 

will serve to locate approximately the same parts more highly 

magnified in figure 40. Here it will be seen that certain ento- 

derm cells are in active mitosis. The basement-membrane of 

the entoderm is undoubtedly interrupted in two places. The 
splanchnic mesoderm is thrown into a number of folds, none of 

the apices of which is in contact with the tissue which the ento- 
derm seems to be proliferating. Between mesoderm and ento- 

derm are lightly staining strands of a coagulated plasma-like 

fluid, stained only by the counterstain. 
Figure 41 is a section slightly anterior to the plane of figure 

40. Slightly separated from the entoderm is a bridge of tissue 

which can be traced back to the entodermal proliferation of fig- 
ure 32, ‘Traced still farther anteriorly (fig. 42) this bridge of 

tissue is still seen to be in continuity with the entoderm. Near 
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the extremity of this projection from the entoderm there is a 

vacuole in the tissue. To the right of this vacuole the tissue is 

solid; from this region there can be traced anteriorly through 

many sections a longitudinally coursing column of cells. An- 

teriorly this column contains intermittent vacuoles. The splanch- 
nic mesoderm concresces around this column of cells and (figs. 3 

and 43) the apices of the folds produced fuse mesial to the col- 

umn of cells which has here (fig. 3) taken on the undoubted 

characteristics of early endothelium. In figure 6 the endothe- 

lium is considerably flattened, the myocardial tube has severed _ 

connection with the splanchnic mesoderm and now lies inside 

the pericardial cavity, appearing free in section. Anterior to 

this (figs. 9 and 10) both endocardium and myocardium end 

abruptly. The gross structure of this formation has already 

been considered. 
Summarizing the conditions just described, we have here a 

column of cells, the base of which rests on the entoderm and is 
being actively contributed to by that epithelium. Whether the 
entire column has increased by the activity of this one growing- 

point can not be stated with certainty. It has probably increased 

also by its own growth. Anteriorly this column of cells possesses 

the characteristics of endothelium and is surrounded by a myo- 

cardium; both end abruptly. Whether the portion which is 

truly endothelial has come from entoderm, the reader may judge 
for himself. I strongly favor the interpretation that we have here 

a true entoderma! origin of prevascular tissue. 
Of the numerous cases observed in which pre-endothelial 

mesoderm appeared to be given off by entoderm, I shall describe 

one more. This is the case of meroplast Type II, No. 148. 

Figure 44 will serve to locate the region more highly magnified 

in figures 45, 46, 47 and 48. As we have already seen the right 

incision was very close to the embryonic axis, leaving little meso- 

dermal tissue on that side. On the left side the incision was 

farther laterad, so that the tissue which remained could undergo 

concrescence. The plane of this section is through the potential 

heart-region. In close contact with the entoderm is an endo- 

thelial tube with a dorsally projecting solid process. Let us now 
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consider sections of this same general region more highly magni- 

fied. Figure 45 is a section considerably anterior to the plane of 

figure 44. Dorsally there is a projection from the entoderm; it 

is continuous with certain other structures in this region whose 

pre-endothelial nature can scarcely be doubted. While mitotic 
figures are by no means wanting, they are not so numerous as 

those in the case just considered. Figure 46 is a section through 

the middle heart-region slightly anterior to the plane of figure 

44. Infact the endothelial cavity of figure 46 can be traced dis- 

continuously back to the endothelial cavity of figure 44. It will 

be noted that the endothelial cavity in figure 46 is joined to the 

entoderm by a solid cord of cells at the base of which an ento- 
dermal cell is dividing. In the posterior heart-region (fig. 47), 

interesting conditions obtain. Dorsally there is a plug of cells, 

evidently being given off from the entoderm. There can be no 

doubt that the basement-membrane is here interrupted. More 
ventrally there is a similar proliferation. The latter is in con- 

tact with, but not continuous with the visceral mesoderm. 

Still more posteriorly the conditions are of great interest. Here 

there appears to be a transition between a region where the en- 

toderm seems to be the source of endothelium, and the more 
posterior region where the mesoderm seems to be responsible for 

all the endothelium. In figure 48 it will be noted that the base- 

ment-membrane of the pharnygeral entoderm is interrupted and 

that pre-endothelial cells lie in a matrix common with that of 

the entoderm and also with that of the splanchnic mesoderm. 
Destroy the entodermal connection with this pre-vascular com- 
plex, and one would say that this complex had originated from 

splanchnic mesoderm. Posterior to this region the basement 

membrane of the entoderm is intact, and endothelial tissue has 

no connection with any tissue other than visceral mesoderm. 

Figure 35 is a section just anterior to the heart-region of mero- 

plast Type I, No. 34. Such a condition as this would probably 

be interpreted as an instance of mesodermal origin of endothe- 

lium by delamination. This section is more anterior than the 

region represented by figures 45, 46, 47 and 48; it is the ventral 

extremity of a left fold comparable to that of figure 44. 
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Whatever may be the significance of these conditions above 

described, they demonstrate the fact that projections from the 

entoderm resembling pre-vascular tissue undoubtedly can be 
found. In view of their demonstration we have these alterna- 

tives of interpretation: either the entoderm is capable of giving 

rise to vascular tissue, or such proliferations and projections from 

any tissue whatsoever are to be distrusted as indications of the 

actual origin of the vascular tissue. If one searches with suf- 

ficient diligence, he is likely to become convinced that neither 

the view of the entodermal origin, nor the view of the mesoder- 
mal origin of the vascular tissue embodies the whole truth; con- 

versely, he is likely to be convinced that each view contains an 

element of truth. The two views are best harmonized by con- 
sidering the pre-vascular tissue as mesenchyme, whatever may 

be its source. If cardiac endothelium actually arises from ento- 

derm, the phenomenon may well be considered a mere local 

adaptation to the circumstance that it is advantageous to have 

the bilateral endocardial tubes closely approximated in antici- 

pation of their future fusion. The whole question may well re- 
main open, whether one or both layers are capable of giving rise 

to vascular tissue. It seems highly probably that both layers 

share in the production of endothelium. Subsequent observa- 

tion alone can determine the significance which is to be attached 

to these undoubted conditions which I have actually observed, 

and have figured as faithfully as possible. 

3. The origin of endothelium in hybrid teleosts 

Loeb (28) first demonstrated that chemical treatment or hy- 

bridization in the teleost would inhibit the development of.a 

blood-circulation, even though the embryo was able to develop a 

beating heart. Stockard (64) has shown and also Werber (78) 

has shown in ease of chemical treatment, that the lack of circu- 

lation is caused by the failure of the independent vascular anla- 

gen to become continuous. McClure (37) has extended these 

observations to the lymphatics. The effect of hybridization 

was again observed by Newman (45). Thorington and the writer 
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(55) have shown that in hybrid embryos of the teleosts the vi- 

tality of the embryo is often so low that it is never able to de- 
velop endothelium beyond the stage of the independent anlagen. 

The embryo from which our figures 13 to 15 (pp. 94-96) were 
taken is of unusual interest, both because of the condition of its 

endothelium and the position of its blood-cells. Later, Newman? 

states: 

Among the most interesting anomalous conditions seen in these 
hybrids are the various disturbances in relation to the parts of the 
vitelline and systemic circulation. The heart and its main vessels 
frequently appear disjoined from the body and exhibit an independence 
in differentiation and an automaticity truly striking. Many problems 
might be cleared up by a study of these conditions. 

Incidentally it might be mentioned that my own results ob- 

tained from chemical treatment confirm the observations of 

other observers concerning the origin of endothelium under these 

conditions. 

5. Observations on living teleost material 

In the yolk-sac of the chemically treated teleost embryo from 

which figures 61 and 62 were made, mesenchyme cells were fol- 

lowed in their active migration during their process of transfor- 

mation into endothelium. Individual cells in some cases aligned 

themselves into solid columns which later became hollow. 

Among the more rounded endothelial anlagen a case was ob- 

served in which a rather confused group of young blood-cells and 
intermingled mesenchyme-cells arranged themselves into a vesi- 

cle containing blood-cells. Anastomoses between already formed 

vascular cavities were seen in some cases to be a result of an 

actual sprouting of the endothelium itself. 
In the cardiectomized embryo from which figure 82 was made, 

the heart was removed while it was a very slender tube. It had 

never pulsated.. The living mesenchyme cells were later fol- 
lowed on the yolk of this embryo. They were migrating from 

the posterior body-region to the posterior portion of the yolk-sac. 

2 Newman, H. H., Proc. Am. Soc. Zool., 1915. 
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All the mesenchyme cells on the yolk which later formed endo- 
thelium and blood-cells and chromatophores migrated ven- 
trally and forward beyond a zone comprising the posterior yolk- 

surface. Thus it is seen that the posterior surface of the yolk is 

free of endothelium, blood-cells, and of chromatophores. Sec- 

tions of this embryo show that no endothelial tubes exist in this 

posterior yolk-region. There is no connection of yolk-sac ves- 
sels with those of the embryo’s body posteriorly, anteriorly or 
laterally. The yolk-sac vessels represent a large number of dis- 

continuous spaces with intimately associated chromatophores. 

In the tail region of living embryos it was possible to follow free 

mesenchyme cells in the formation of endothelium, though the 
process was here complicated by the presence of large numbers of 

mesenchyme cells. These results on teleost endothelium con- 

firm those of Wenckebach, Raffeale, and Stockard. 

If allowed to estimate the relative values of mechanical ex- 

perimentation on chick embryos and chemical treatment or hy- 
bridization of teleost embryos, I should say that the former is 

the more conclusive. In the body of the teleost, it is impossible 

to say whether discontinuous spaces have always been out of 

continuity. It is true that there has been observation (66, p. 

586) indicating that a vessel once having formed, has little or 

no tendency to collapse. I was formerly led to believe this to 
be true. Studies during a subsequent spawning season of Fun- 

dulus have convinced me that this question of collapsing ves- 

sels will bear further investigation. In regard to the yolk-sac 

vessels of the teleost, it may be stated that no one has doubted 

the local formation of yolk-sac vessels in any group of verte- 

brates. 

PART II. THE ORIGIN OF BLOOD CELLS IN TELEOST 
EMBRYOS, 

As many writers have observed, the actual genesis of the blood 
is obscured by the fact that blood cells are swept from their 

places of origin before their differentiation is completed. By 

the motion of body fluids, blood-cells become swept into places 

where they did not originate. As Stockard was perhaps first to 

eo 
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suggest, it is evident that if circulation could be prevented with- 

out altering the normal process of blood-formation, a great deal 

of light would be thrown on that normal process. Stockard (55) 
employed alcoholic treatment as a means of preventing the cir- 
culation of body fluids. He found from such study (64, p. 125) 

that there are ‘“‘two distinct and limited places of origin’ of red 
blood cells—the stem-vein, and the posterior surface of the yolk- 

sac. In his writings he repeatedly states in entire paragraphs of 

italics that if there has been no blood-circulation, the following 

regions and parts never contain a single erythrocyte in any em- 

bryo at any age. These regions include: (1) all the anterior 

blood-vessels, (2) all the anterior mesenchyme, (3) the anterior 

yolk-surface, (4) the heart, and (5) the liver. He claims that 

leucocytes form only in the anterior mesenchyme of non-circu- 

lating embryos. Later in the discussion I shall consider Stock- 

ard’s work in connection with my own; this statement of his 

results will suffice to show the differences in our findings. 

1. Hybrid material 

Thorington and I (55) have shown that hybrid teleosts devoid 

of circulation may: develop erythrocytes in practically any region 

of the body and of the yolk-sac. The embryo from which our 

figures 13 and 15 were taken is of great interest. The heart was 

solid at both extremities, yet it contained erythrocytes. Per- 
haps a blood-lacuna formed as a portion of the heart. The car- 

diac tube was widely separated from ventral aorta by mesen- 
chyme. The aorta was barren of blood-cells, yet the precardi- 
nals contained many erythrocytes, as did the ducts of Cuvier. 
No blood-cell ever entered the aorta from the cardiac tube. 

The aorta itself was discontinuous. For further details see the 

original communication (55). 

2. Chemically treated embryos 

The following section is devoted to a description of conditions 
obtained by early chemical treatment of the developing ova of 

Fundulus heteroclitus. The descriptions are based principally 
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on embryos treated with weak solutions of acetone, butyric acid 
or potassium cyanide. Generally the ova were placed in these 

solutions for twenty-four hours or less, and then reared in run- 

ning sea-water. The results obtained demonstrate that eryth- 

rocytes form in the intermediate cell mass and on the posterior 

yolk; in addition to this, they indicate that erythrocytes may 
form in any of those locations in which Stockard claims they 
never form in embryos without circulation. Some of the con- 

ditions about to be described have been previously reported 

(53). 
It is a striking fact that under chemical treatment the em- 

bryos tend to exhibit abnormalities. Still more striking is the 
fact that all the tissues in the anterior end seem to be the most 

seriously affected. It is rare indeed that the circulation can be 

inhibited without injury to the anterior end of the body. The 

condition of oedema in the pericardium produced by chemical 
treatment swells the pericardium, thus stretching the heart until 

it becomes solid, or until it is unable to propel the blood. A 
treatment sufficiently rigorous to render the pericardial cavity 
oedematous is generally sufficient to create marked disturbance 
in the anterior tissues. By studying a very large number of 

embryos, however, one is able to find a few cases in which the 

circulation has been inhibited and yet at the same time the an- 
terior region bears some resemblance to the normal condition. 

If we concentrate our study on such embryos as these, we ar- 
rive at very different results from those of the observer who con- 

centrates on the majority of embryos whose anterior ends have 

suffered specifically from the abnormal treatment. Whether the 
anterior end is injured or remains normal, the posterior end of 
the chemically treated embryo generally is very little deranged. 

A lethal treatment is often without serious effect on the posterior 
region. The explanation of this phenomenon is very difficult. 
It is merely one of the axioms of development which we must 

recognize. Child (6) deals with this phenomenon under the 

term ‘axial gradient.’ 

The vascular tissues on the teleost yolk-sac are formed largely 

from mesenchyme cells which migrate there from the posterior 
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axial region of the embryonic body. Now it generally happens 
that conditions which will produce oedematous pericardia will 

also produce embryos with yolk-sacs whose anterior portions 

lack endothelium and blood-cells. This fact probably finds its 

explanation in the circumstance that conditions which will pre- 

vent circulation will also vitiate these migrating mesenchyme 

cells to the extent that they are unable to reach the anterior 

yolk, or are rendered unable to form these vascular tissues even 
though they reach that location. But here again it is possible 

to find many exceptional conditions. Many instances can be 

found in which migrating mesenchyme cells can reach the an- 

terior yolk and there form blood-cells, even though the heart 

has never produced any circulation whatever. Thus it is that 
in chemical treatment, especially if the chemical treatment be 

severe, a large number of embryos are able to develop red blood 

cells in only those positions where Stockard claims they can de- 

velop. There is most often a coincidence between the absence 
of erythrocytes in the anterior region of the yolk and the anterior 

axial region. ‘There are, however, many exceptions in which 

this barrenness of erythrocytes holds good for only one of these 

regions, even though the blood has not circulated.. If an ob- 

server, in selecting his material, uses as his sole criterion for the 

failure of circulation the absence of erythrocytes in these regions, 

his method is capable of giving only one result. 

Examination of the rather small percentage of embryos devoid 
of circulation which have been able to develop relatively normal 

eyes and forebrains often reveals in such embryos a tendency to 

exhibit locally formed and sometimes bilaterally symmetrical 

patches of erythrocytes at an early stage in the ontogeny. These 

patches may be in any position with reference to the eyes, and 

sometimes even in the optic cups. The time during which they 
exhibit their red color is usually very short. Sometimes following 
the appearance of a patch of erythrocytes on one side of the head 
a similar one would appear on the other side symmetrical with 
the one first observed, the latter having in the meantime lost 
its color. During the study of such conditions, all possible ef- 

forts were made to detect any movement of red blood cells, 
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either active or passive. Such changes would take place in em- 
bryos whose hearts were solid. The region mesial to the optic 
cups, and sometimes the snout, displayed such patches of eryth- 
rocytes. Blood sometimes developed in the dilated portions of 
hearts which were solid at both ends. In some cases the heart 
had solid extremities, but contained a number of blood-bearing 

dilations. 

Figures 49 to 60 are sketches of the dorsal cephalic surface of 

living embryos whose blood-circulation was prevented by chemi- 

cal means. In some of these embryos the heart was solid at one 

extremity or both, or solid throughout. The stippled areas rep- 

resent these patches of erythrocytes. Whenever such an area 

was sectioned and stained, the same group of cells could be lo- 

cated in section, the erythrocytes staining intensely red in my 
modification of Mann’s methyl blue-eosin stain. The surround- 

ing mesenchyme would stain a light or intense blue. In some 

cases the hematopoetic areas found in section were larger than 
one should expect from the sketches of the living condition. This 

probably means that cells may stain intensely red even though 
they are not visible in the living condition. In no case was the 
eosinophilous region smaller than the group of erythrocytes 

seen in the living conditions. The method of chemical treat- 

ment is either given in the text with the discussion of each embryo 

or with the explanation of the figures. Figures 49 to 56 show dor- 

sal views of the cephalic regions; figures 57 and 58 are lateral 

views. The nature of the heart and the distension of the peri- 

cardium can be observed in these figures. 
In the embryo from which figure 49 was taken, several blood 

lacunae could be seen on the dorsal surface. Two such layers 

are located dorso-mesial and two are dorso-posterior to the eyes; 

a fifth median group is found dorsally located in about the 

transverse plane of the posterior limits of the eyes. Each of 
these groups of cells, together with certain others which were in- 

visible in the living condition, were found when the embryo was 

sectioned. They are illustrated in figures 67 to 70. The heart 

of this embryo was, from the first, solid at both ends. 
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In figure 50 are shown two lacunae dorsal and mesial to the 
optic cups. Their red color could no longer be distinguished 

four hours after this figure was made. Figures 51 and 52 are 

sketches of the dorsal cephalic surface of an embryo the history 

of which is given in greater detail in a previous publication (53, 

p. 103). At its four-cell stage the ovum was placed in a solu- 

tion of 50 cc. sea water containing 10 cc. of 7; molecular bu- 

tyric acid, where it remained for twenty-four hours. It was then 

placed in running sea-water. On the ninth day a blood lacuna 
was observed over the left eye (fig. 51). Sixteen hours later this 

lacuna could not be seen, but another located symmetrically 
with its former position was observed on the right side. When 
the embryo was sectioned, eosinophilous areas corresponding to 

both these lacunae were found in section. The explanation of 
these circumstances is rather difficult. It seems unlikely that 

the hemoglobin should leave a cell unless it should disintegrate. 

It may be that the overlying mesenchyme rendered the first 

lacuna invisible. Figures 53 to 56 need not be further discussed. 
They merely show the position of others of the lacunae which 

were observed in this anterior region. While the location of the 

smaller groups, and especially that of the single isolated eryth- 

rocytes is rather indefinite, there are certain regions rather char- 

acteristic for erythrocyte-formation. 

Figure 56 shows a very exceptional condition. No case simi- 
lar to this was found in the entire series of experiments. In 

this instance, the posterior portion of the embryo was the part 

affected; as a result it is diminutive in size. The anterior end is 

relatively normal. Correlated with these conditions we have 

discontinuous lines of erythrocytes extending into the ophthalmic 

region, which were not carried there by heart-pulsation. The 

rudimentary posterior end contains no erythrocytes. 

Figure 58 shows a side view of an embryo which, at the four- 

cell stage, was treated with a mixture of equal parts of 4 per 

cent alcohol (sea-water solution) and a solution made from 2 ce. 

of ;1, per cent KCN in 50 cc. sea-water. The embryo developed 

without a circulation. The heart possessed solid extremities. 
On the twelfth day a longitudinal column of erythrocytes could 
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be observed through each translucent otocyst. Within the next 

three days a single median hematopoetic area was observed in 

the mandible. ‘These conditions continued for some time. Fig- 

ure 58 shows the conditions on the twenty-fifth day. Blood cells 

were observed apparently scattered on the floor of the pericar- 

dium. Later sectioning of this embryo indicated that the eryth- 
rocytes on the floor of the pericardium had formed locally be- 
neath the mesothelium. 

It sometimes happens that embryos develop without forming 

a heart; sometimes there is little, if any embryonic body present. 
In such cases the entire yolk-surface may be covered with blood 

cells, diffusely scattered or in groups; such a condition may ob- 
tain when there is practically no endothelial tissue present. 

Such conditions furnish a positive disproval of the claim that blood 
cells never form on the anterior surface of the yolk if there has 
been no circulation. Figure 59 shows a condition in which a 

small portion of the body axis abuts on a coelomic cavity which 
appears to be a pericardial cavity. No heart was ever formed in 

this embryo, yet no region of the yolk was free from blood cells. 

In figure 60 a condition is represented in which no embryonic 

body ever developed. No particular region of the yolk, even 

from the earliest stages following chemical treatment, seemed es- 

pecially entitled to be designated as embryonic body. The 

blood cells were somewhat scattered, but in some cases they were 

densely crowded. In the center of the region towards the ob- 

server, a blood-mass is surrounded by endothelium. 
A very unusual condition was observed in the embryo from 

which figures 69 and 70 were made. At its four-cell stage this 

embryo was treated for twenty-four hours with a 3.5 per cent 
solution of alcohol. On the sixth day a bright red blood-lacuna 

was observed on the antero-ventral surface of the yolk. No 

other erythrocytes could be seen on the yolk or in the body axis 

at this time, though mesenchyme cells in abundance were migrat- 
ing on the yolk. There was no very extensive system of endo- 

thelial tubes. The heart was apparently normal, but its venous 

end had not connected with any yolk-sac vessel. On the tenth 

day the blood-lacuna on the anterior yolk, somewhat elongated, 



ORIGIN OF VASCULAR TISSUES 97 

displayed waves of contraction which started in the end nearer 

the heart and proceeded ventrally to the opposite end. Evi- 

dently this lacuna was provided with some sort of myocardium. 

It had developed a dorsally directed flexure, as seen in figure 69; 

the yolk endothelium is not shown in this sketch. At this time 
the churning of the heart could be seen to loosen the closely 

packed cells in the intermediate cell mass which had begun to 
acquire a faint orange color. On the fifteenth day a careful 

examination of the posterior region of this embryo revealed the 
fact that certain erythrocytes were being dislocated by the move- 

ment of the heart, and some could be followed to a large lacuna 

on the yolk, although there was no complete circulation of the 

blood. Such cells would oscillate slightly from the motion of 

body-fluids caused by heart-pulsation. Blood lacunae on the 

yolk may sometimes be of this sort of formation. The formation 

of the endothelial tubes and cavities on the yolk was watched in 

the living condition. As has already been seen, at the age of 

ten days this activated lacuna, accessory heart, or whatever it 

may have been, was pulsating feebly. On the nineteenth day 

(fig. 70) the lacuna or ‘accessory heart’ was pulsating seventy 

times per minute, while the real heart, seemingly normal in 

shape, was pulsating one hundred times per minute; the latter. 

was in no way connected with any yolk-sac vessel. Likewise no 

endothelial tissue had ever approached, or formed near the ac- 
cessory heart. The yolk-circulation was established through the 
normal heart on the twenty-fifth day. At that time the rate of 

heart-pulsation had greatly increased, especially in the accessory 

heart. Rather suddenly on the twenty-fifth day the rate of 

beat in the accessory heart increased to 136 times per minute 

while that of the normal heart was 126 times per minute. The 
accessory heart increased its rate somewhat, and then began to 

decline considerably on the twenty-sixth day, when its rate be- 
came slower than that of the normal heart. At this time the 

embryo was killed. The flexure of the accessory heart had 

greatly increased. It is difficult to explain the extraordinary 
manner in which the rate of beat of the accessory heart was 

changed. It is conceivable that we here have to do with the 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 1 
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failure of an inhibiting nerve-supply to its musculature. Un- 

fortunately I was unable to section this embryo, as it was in some 

way mislaid. This misfortune was in a measure compensated 

for by the fact that the observations on this embryo were made 

under circumstances (The Marine Biological Laboratory, Woods 

Hole, Massachusetts) in which I could avail myself of the coun- 

sel of many investigators, a number of whom were so kind as to 

examine the embryo in question and verify my observations. 

At the time at which the sketch for figure 69 was made, the em- 

bryo was examined by Profs. E. G. Conklin, H. McE. Knower, 

E. V. Cowdry, E. I. Werber and many others. At a time some- 

what later after the yolk-sac circulation had been established, 

the embryo was examined by Prof. C. R. Stockard. This em- 

bryo furnishes an example of a completely isolated functional 

heart containing blood-cells. ; 
Attention is now called to the conditions in one of the most 

important embryos obtained from the entire study. In this for- 
tunate case the conditions which were able absolutely to pre- 
vent the formation of vascular tissues on the anterior yolk, and 

to cause the venous end of the heart to be solid, did not prevent 

the formation of erythrocytes in the anterior vessels or in the 

anterior mesenchyme. This embryo is also to be considered pre- 
sently in connection with the formation of blood in the aorta and 

the liver. It seems certain that mesenchyme cells in these vari- 

ous parts were locally transformed into erythrocytes. On the 

left side of figures 62 and 63 will be noticed a cup-like invagina- 

tion of the fore-brain tissue resembling closely an optic cup. In 

the place in which one should expect to find a lens, there devel- 

oped at an early stage a conspicuously red blood-lacuna. No 

other endothelium or erythrocytes could be found in connection 

with this lacuna, either in the living or sectioned material. Dor- 

sal to the optic tissue on the right side of figure 55 are a few 

erythrocytes which were found lying in the crevices between the 
peculiar folds of nervous tissue. Some of the cells in these loca- 
tions seemed to be transforming into erythrocytes, but bore un- 

mistakable traces of a mesenchymal nature. Such isolated cells 

were found entirely out of relation to all endothelium. 
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The heart of this embryo (fig. 63) is seen to be solid in its an- 

terior portion. More posteriorly (fig. 62) in the arterial end the 

endothelium has a lumen. The endothelium again becomes 

solid immediately at the ‘insertion’ of the arterial end of the 

heart on the embryonic body. A section passing through the 

posterior limits of the diencephalon shows well developed pre- 
cardinal veins (fig. 64) so closely packed with erythrocytes that 

the latter have angular contours. Still more posteriorly in the 
region of the otocysts (fig. 75) the precardinal lines are seen to 

contain erythrocytes. This section also passes through the very 
small portion of the ventral aorta which was able to form. Al- 

most immediately posterior to this plane of section, the aorta 
completely disappears. Besides this small portion of ventral 

aorta, no portion of the branchial arterial system was found in 

section. The remainder of the ventral aorta, the aortic arches 

and cephalic dorsal aortae are entirely absent. Since no vascu- 

lar tissues developed in the anterior yolk, and no erythrocytes 

‘ were formed in the heart of this embryo it seems reasonable to 

assume that these erythrocytes were local formations in the ven- 
tral aorta. They may or may not have been contributed to by 

aortic endothelium. 
This embryo received closer observation than most of the em- 

bryos studied, for the reason that its peculiar eye-formation ren- 

dered it conspicuous even before the blood could possibly have 

circulated. While a number of mesenchyme cells reached the 

anterior yolk, no formation of endothelium or erythrocytes took 
place in this region. This fact was noticed in the living condi- 

tion and is verified in section. Some of the mesenchyme cells 

on the anterior yolk would probably have transformed into 

erythrocytes if the embryo had been allowed to live longer; 
some bf them, still typically stellate, were found to be very 

slightly eosinophilous. In figure 62 the yolk sac is devoid of 

vascular tissues. The same is true of all sections anterior to 

this, and of many which are posterior. Figure 75 shows the 
most anterior extent of erythrocytes that were found on this 

yolk-sac. These were far dorso-lateral, and belong to an iso- 

lated lacuna. 
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In this embryo the solid distal end of a very feeble heart ends 

blindly on a yolk sac the anterior portion of which is, and has 
always been devoid of vascular tissues. Yet the anterior mesen- 

chyme and the anterior vessels contain blood cells. As will be 
shown later, the liver of this embryo contains erythrocytes, 

though these may possibly be mesenchyme cells pushed out with 

and included in the liver diverticulum. 

The conditions observed in figure 49 may now be considered 
in section (figs. 65 and 66). In each case the position of the 

blood-producing area is illustrated by solid black dots, while in 
the illustrations of these regions more highly magnified the eryth- — 

rocytes are shown by unstippled cells. It is quite impossible to 

do justice to the preparation by means of one-color illustrations. 

The erythrocytes stained a brilliant red, the mesenchyme cells a 

rich blue, while the probable transitional stages between the two 
stained purple. The erythrocytes seem to be identical in nature 
with those in the intermediate cell-mass. Figure 65 shows a 

section taken just posterior to the optic vesicles. The erythro- 

cytes in this figure are not surrounded by endothelium; there is 

a large group on the left side, and two groups on the right. The 

latter are shown in greater magnification in figure 67, where in- 

stead of the arbitrary black dots we have unstippled cells repre- 
senting erythrocytes. Some of the cells surrounding this group 

of erythrocyte groups seem to be flattening out to form endo- 

thelium. 
In figure 66 we have a section through the dorso-median blood- 

anlage observed in figure 49. These erythrocytes (fig. 68) lie in 

a crevice in the fore-brain tissue; they are not surrounded by en- 

dothelium, but are bounded entirely by ectoderm. No endothe- 

lium developed in any region near this group of cells. It is even 

doubtful whether one should find endothelial tubes in this ‘region 

in the normal embryo at a stage corresponding to this. 
It is of interest to note that Professor McClure, working with 

the fresh-water teleost Erimyzon sucetta oblongus, has obtained 

results. similar to those above described for Fundulus. He ob- 

tained chemically treated embryos without circulation, having 

lacunae of erythrocytes in the anterior mesenchyme. His ex- 
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periments, in fact, preceded my own, but. his results were un- 
known to me until my return from the Woods Hole laboratories. 

He has kindly placed at my disposal an embryo on which he made 

daily observation, and which he sketched in the living condition. 
In the living embryo a group of erythrocytes was observed dor- 

sal to each eye. A section through that region is shown in fig- 

ure 76. On the left side the erythrocyte group is the more 

prominent. It is not surrounded by a distinct endothelium. In 

sections of this region, such crescent-shaped groups of erythro- 

cytes over the eyes are not of rare occurrence. They are found 

sufficiently often to indicate that the mesenchyme of this region 

may be a true erythrocyte-anlage. On consulting Werber’s fig- 

ure 24 (78) it will be seen that he found a blood-anlage very 

similarly located. He describes the blood cells in this region as 

leucocytes ‘‘evidently of polymorphonuclear variety,’ subserib- 

ing at that time to the view of Stockard that the blood cells pro- 
duced in the anterior region are leucocytes. I regard it doubt- 

ful that these are really leucocytes. Be this as it may, the ho- 
mologous region of the mesenchyme which in Werber’s figure 

seemed to give rise to leucocytes gave rise to erythrocytes in the 

experiment performed by Professor McClure. It will be seen in 

figure 77 that the arterial portion of the heart is solid; sections 

show this embryo to be devoid of ventral aorta, aortic arches, 

and anterior dorsal aorta. Examination of sections somewhat 

posterior to the eyes reveals a region posterior to the erythro- 

cytes on both sides of figure 76, which contains no haemal vas- 

cular tissue whatever (fig. 78). Thus we see that the vascular 

anlagen anterior to this are completely isolated. A section 

through one of the nasal pits of this embryo (fig. 79) shows a 

small vascular cavity containing a few erythrocytes. The endo- 

thelium of this cavity narrows down to an exceedingly fine tube 

which can be traced back to the region of the vascular anlage on 

the same side in figure 77. The tissue in this embryo is in a re- 

markable state of preservation. It was stained in Delafield’s 
haematoxylin and orange G. The differentiation of the eryth- 

rocytes is not very great in this stain, so that they might easily 
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be overlooked. In photograph they stand out more clearly than 
to the eye; this was accomplished by the use of color-screens. 

Let us now consider certain embryos devoid of circulation — 

which developed erythrocytes in their hearts. In these instances 

the embryos were watched carefully at short intervals. It is 

quite unlikely that a heart, partly solid, would hollow out be- 

tween these intervals only to become solid again at such inter- 
vals. Ifa blood-cell be found in the heart of an embryo in which 

there had never been a circulation, there are at least the follow- 

ing possibilities of its origin: The fully formed erythrocyte may 

have reached that location (1) by its own independent power 

of locomotion, (2) its mesenchymatous anlage might have reached 

that location by active migration, (3) the erythrocyte in ques- 

tion might be a transformation of an endocardial cell, (4) the 

erythrocyte in question might be a transformation of a cell that 

would ordinarily have become a myocardial cell, (5) it might be 
a transformed mesothelial cell. These seem to include most of 

the possibilities. It is evident that if an investigator should 
state that in the absence of circulation the heart ‘‘never con- 

tains a single erythrocyte in any embryo at any age’”’ he would 

relinquish all right to claim that an erythrocyte found in that 

location had reached it by any of the five possibilities just out- 

lined. A claim that a blood cell never develops in a given loca- 

tion excludes the possibility of claiming at the same time that a 

blood-anlage had migrated into that location. 

The conditions in the heart of the embryo from which figure 

49 was taken is of interest. No circulation could be observed in 

this embryo. On the fifth day it was noted that both extremi- 

ties of the heart were solid, though it appeared otherwise to be 
normal. Previous to this time the embryo had received frequent 

examination. The material seemed very favorable, owing to the 

fact that its condition seemed unusually near the normal, consid- 

ering the fact that there was no circulation. The pericardial 

cavity was not greatly oedematous, and the heart was not 

stretched. In fact it possessed a well-developed flexure. The 
venous end of the heart was undoubtedly solid, and no yolk-sae 

endothelium approached it. A means suggested itself of pre- 
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venting any elusive sort of circulation which might take place 

between the intervals of time at which any single investigator 

could reasonably be expected to examine this embryo. If the 

heart could be severed, such a circulation would be precluded. 

A very fine needle was used to sever the heart at its middle por- 
tion. The cut ends fused laterally, the fusion being intimate in 

some places and loose in others. In figure 66 the solid distal 

portion of the venous end of the heart is shown ventral to the 
head. On the right side of a section of the heart of this same 

embryo (fig. 65) taken more posteriorly there will be seen a con- 

tinuation of the venous portion seen in figure 66; this right por- 

tion, followed posteriorly, disappears abruptly. The left por- 

tion of this same section pursued posteriorly is found to be the 
arterial end of the heart which enters the embryonic body; but 

if the left portion of the heart of figure 65 be traced anteriorly it 

disappears abruptly, as did the venous portion when traced pos- 

teriorly. The two portions are everywhere in the region of fusion 
well separated mesially. 

Figure 71 is a section taken slightly posterior to that of figure 

65, near the plane in which the venous portion ends abruptly. 
In the venous side there are seen to be numerous erythrocytes ap- 

parently in all stages of differentiation. Some of them have 

large nuclei and stained intensely red; others with medium- 

sized nuclei stain purple; still other rounded cells with small 

nuclei stain blue. It will be noticed that there is no endothe- 
lium and also no myocardium in this portion of the heart, whereas 

erythrocytes are plentiful. On the left side, no erythrocytes are 

seen in section; a few scattered erythrocytes can, however, be 

found in this arterial portion nearer to the embryonic body. It 

will be noticed that the endocardium in this portion of the heart 

exhibits a cuboidal form very unlike the normal squamous epi- 

thelium. Conditions such as these are often found in these 

chemically treated embryos. Undoubtedly this is an abnor- 
mal condition, but it must have some significance. 

So far no attempt has been made to give the source of the eryth- 

rocytes found in the heart. The conditions in the heart of the 

embryo from which figure 55 is taken may be of interest as af- 
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fording a possible clue to the origin of such erythrocytes; there 

may be those who would be willing to consider these conditions 

as evidence that cardiac endothelium can form erythrocytes. If 

it had been possible to anticipate the unusual importance of this 

embryo its history would have been kept more fully. With a 

number of others which had received like treatment this embryo 
was segregated to a dish from which all embryos were removed 

as soon as they were observed to develop a circulation. Later 

it was removed to a dish in which embryos were placed only on 

condition that their otherwise normal endocardia should be solid 

at both extremities. Thus it is certain that this embryo once 

possessed a complete endocardium which was solid at both ends 

and dilated in the middle. On the eleventh day the upper end 
of the heart was seen to display developing blood-cells which at 

first were orange-colored. This color gradually deepened into 

red by the fourteenth day, when the embryo was killed. Sections 

of the heart reveal very interesting conditions. Figure 72 shows 

a section through the distal (venous) end of the heart not far 

from the point at which the endothelium is solid. The endo- 
thelium is here of a cuboidal type similar to that in figure 71. 

It stained purple. Inside the endothelium are a number of 

erythrocytes which stained bright red. Outside the endothelial 

cells lie the myocardial cells which stained pale blue. The plane 

of section in figure 73 passes through a flexed portion of the 
cardiac tube. Some of the erythrocytes in this section lie in a 

column of erythrocytes which can be traced back to those in figure 
72. It will be seen that the endocardium is interrupted. Some 

of its cells are undoubtedly transforming into erythrocytes. At 

the right of the lower extremity of the V-shaped remnant of the 

endocardium on the left of the figure there are abundant transi- 

tion stages between endothelium and erythrocytes. From the 

main central mass of erythrocytes in this figure there appears in 

section a rather sharp ‘projection.’ In this it is easy to follow 

the contour of what probably was once the endocardium. The 

cells at the apex of this projection stained a reddish purple. In 

the middle of this figure it is seen also that some of the myocardial 

cells have also undergone this transformation, especially in the 
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upper part of the figure. In figure 74 which is still more proxi- 
mal is shown a region in which both endocardium and myocar- 

dium have completely transformed into erythrocytes; the en- 

_tire content of the mesothelial covering consists of strongly eosin- 

ophilous cells of a typical erythrocyte character. It is a region 

in which endothelium has been observed in the living condition 

in this embryo. 

3. Hematopoesis in the liver 

Stockard believes himself to have demonstrated that liver 
tissue 1s Incapable of forming blood cells, and that it has no 
hematopoetic function in the bony fishes. His conclusions are 

based on the fact that he failed to find blood cells in the livers 

of chemically treated embryos which developed without a cir- 

culation. If this conclusion necessarily follows, one might claim 

that the actual finding of erythrocytes in the liver of an embryo 

which had not had a circulation would prove the liver to be a 
blood-producer. 

One question which should be settled is this: are embryos de- 
void of circulation capable of developing livers to a stage in 

which their potentialities are given a fair test? Even though the 

chemically treated embryo may retain its life for a time equal 
to that in which the normal liver appears to produce blood-cells, 
it is questionable whether the conditions in the chemically 
treated embryo can ever approach the normal condition. 

If a blood cell should develop locally in the liver it might be 

of mesodermal or of entodermal origin. The vertebrate liver is 

morphologically a growth into the ventral mesentery; conse- 

quently it has a covering of mesothelium and of mesenchyme. 

The liver of Fundulus is a growth of the gut into the mesen- 

chyme which in turn is covered by mesothelium. These meso- 

dermal tissues are properly considered a portion of the liver tis- 

sue. If any of the mesodermal elements-of the liver should turn 

into blood cells, such transformations must necessarily be reck- 

oned with in the study of the liver. It is conceivable that hem- 



106 FRANKLIN P. REAGAN 

atopoesis in the liver might also consist in a direct transforma- 
tion of entodermal cells into blood-cells. 

There seems to be abundant evidence that mesenchyme cells 

caught up in the liver tissue are capable, just as is true of other 
mesenchyme cells, of turning into erythrocytes. This alone 

does not render the liver a ‘hematopoetic organ.’ Applied to 

any structure which embryos devoid of circulation are capable 
of developing, the term ‘hematopoetic organ’ is probably a mis- 

nomer. Figure 81 shows a section of the liver diverticulum. A 

part of the tissue in this section lies near the junction of the di- 
verticulum with the gut. The erythrocytes which developed in 

the periphery of this liver may have come from mesenchyme 
cells captured by the outpushing entodermal tissue. This fig- 

ure is from the embryo of which figures 62, 63, 64 and 75 repre- 
sent sections. Reasons have already been given for the belief 

that this embryo never developed a circulation. The erythro- 

cytes in figure 81 are neither surrounded by endothelium nor 
dangerously near any endothelium. It is impossible again to 

illustrate adequately the differentiations in these tissues by the 
use of one color. The erythrocytes are brilliant red, the liver 

tissue is grayish purple, and the mesenchyme is pale blue. With- 

in the liver are certain large cells more coarsely granular than 

the surrounding cells; their nuclei are larger than those of the 

surrounding liver-cells, and somewhat eosinophilous. The nu- 

clei of the adjacent liver cells are dense bluish black. The cyto- 

plasm of these larger cells has assumed a purplish pink color. 

Some of these cells, or at least some of the cells located near them, 

approach rather closely the erythrocyte characteristics. In some 

sections of this liver it is impossible to tell whether the erythro- 
cytes present have developed from cells similar to these, or from 
mesenchymal inclusions. 

Figure 80 shows a section through the liver of the embryo of 

Erimyzon from which figures 76 to 79 were also taken. Lying 

promiscuously in the liver tissue are differentiating erythrocytes 

which are out of relation to all endothelium. It seems improb- 

able that the partly solid heart of this embryo could have caused 
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a sufficient negative pressure to have moved these erythrocytes 
to their present location from another region of the embryo. 

Numerous other cases were observed in which here and there 
_a captured mesenchyme cell had probably changed into an eryth- 

rocyte. It is likely that the results of chemical treatment tell 

us little more concerning the potentialities of the fully developed 

liver than they tell us of the potentialities of spleen and bone- 
marrow. 

4. Ova subjected to low temperatures 

Another means of preventing blood-circulation in Fundulus is 

to subject the ovum to low temperatures at a very early stage 

of development. This method of developmental arrest is not 

new. Four-celled ova were kept at about 4°C. for periods of 
time ranging from twenty-four to seventy-two hours. Develop- 

ment under these conditions proceeded rather slowly. Embryos 

often developed without circulation. In all probability the low- 

ering of the temperature causes a blastolysis (Werber, 79). The 

yolk-sac in such embryos is often greatly shrunken away from the 
chorion, and evidence of egg-extrusions can often be found in the 

subchorionic space. Embryos so treated often fail to develop 

hearts. It may be that the region later to produce the heart- 
anlage in such cases becomes blastolyzed. At any rate, these 

embryos devoid of hearts are of interest owing to the fact that 
their anterior mesenchyme is sometimes hematopoetic. I have 

obtained erythrocytes in such embryos in positions similar to 

those shown in figures 50, 54, and 55. 

5. Cardiectomized embryos 

Removal of the heart prior to heart-pulsation is the ideal 

means by which one may assure himself that no elusive circula- 
tion will falsify the picture obtained in the study of blood-devel- 

opment. The heart region may be destroyed even before a 

heart-anlage can be found. If this be done the question of pas- 

sive movement of the blood-elements can be eliminated. The 

operated embryos may be placed in any position with reference 
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to gravity, and it is possible to obtain embryos from which body- 

movements can not be elicited. The method has other advan- 

tages. The only unfavorable chemical effect is produced by the 
lack of tissue nourishment and tissue respiration, and the accumu- 
lation of katabolic materials together with the possibility of in- 

fection. Unfortunately these are not always insignificant. The 

rate of mortality from such operations is very high indeed, prob- 

ably because of infection. But once an embryo is able to re- 
cover somewhat from the operation it furnishes valuable mate- 
rial for study. In chemical treatment the specific ill-effects of 

the chemical used are to be added to inanition, the lack of tissue- 

respiration and the accumulation of katabolic products. Fur- 
thermore in case of cardiectomy the embryos may in some in- 

stances be allowed to develop normally for seventy hours before 
operation is necessary to prevent circulation, while in chemical 

treatment the entire development for the first one to three days 

must take place in a very abnormal environment. But the one 

characteristic in common with the results of both sorts of treat- 

ment is that the anterior region of the body always suffers the 

most. It seems practically impossible to obtain cardiectomized 

embryos whose anterior tissues are perfectly normal, though their 

posterior regions are generally little injured. In some cases a 

very small portion of the head was severed from the rest of the 
body and from the heart; it was hoped that the mesenchyme in 

such meroplasts would be able to form erythrocytes. It was 

found, however, that these head-fragments would not increase in 

size. Thus it was found later that the diameter of such frag- 

ments was always much smaller than that of the remainder of 

the body (figs. 84 and 85). The mesenchyme in these small 

fragments always became very closely packed, so that it is not 

surprising that blood-cells were unable to develop under these 

conditions. 

There is reason to believe that in some instances the condi- 

tions obtained by cardiectomy may represent more faithfully the 

normal process than can be obtained by chemical treatment. 
The former method is capable of producing stages more advanced 

in differentiation and growth than one can obtain by chemical 
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treatment which will prevent circulation. If differentiation can 

proceed further in cardiectomized embryos, it is not unreasonable 
to believe that the process there is more nearly normal. It is 
practically certain that the normal process of hematopoesis is 

not duplicated in either case of abnormal treatment. So far, 
the most anterior erythrocytes obtained in cardiectomized em- 

bryos are located ventro-mesial to the anterior portions of the 
otocysts. None has yet been found in the ophthalmic region and 
in the snout. These experiments were not begun, however, until 

late in the spawning season of Fundulus. Fifteen hundred car- 

diectomies were performed with only partial success, so that it 
is impossible to predict at present the possibilities of this method 

of experiment. A very few embryos survived the operations. 
Those embryos which fail to withstand such treatment generally 

die soon after the operation. In most of the survivors, erythro- 

cytes could be seen in the living condition much anterior to the 

pectoral fins. Most of the present descriptions are based on the 
living conditions. So far, very few of such embryos have been 

sectioned. Thus it is conceivable that some of the embryos now 

preserved may exhibit erythrocytes farther anteriorly than have 
yet been figured in case of cardiectomy. Only three of the em- 

bryos will be described at present. 
Figure 82 shows the living condition of a nine-day embryo, the 

heart of which was removed when the embryo was sixty hours 

old. The heart had not yet pulsated. Following the operation 

the embryo was kept in a moist-chamber in a cool place. The 
tail of the embryo became rather long and curved over the dor- 

sal body-surface. The embryo could not be provoked to reflex- 

responses, and never exhibited any movement. The pectoral 

fins were relatively huge, working in unison with a quivering 

fan-like movement. Very well differentiated striated muscle de- 
veloped at their bases. It will be noted that the head is rela- 
tively small; at the anterior limits of the otocysts it narrows down 

so that its diameter in the region of the eyes, as seen from the 
dorsal side, is less than half that of the region of the otocysts. 

The eyes are merely rudimentary optic stalks. There are neither 

optic cups nor lenses. The pericardium is oedematous. It con- 
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tains no trace of a heart except an exceedingly minute vestige of 

its arterial ‘insertion’ which can be seen only in section. The 

erythrocytes visible in the living condition are conventionally 
represented by means of black dots. A column of erythrocytes 
formed in the intermediate cell-mass. Endothelial cavities, 

many of which were surrounded by pigment cells, are represented 

as dark ramifications on the yolk. There are no continuous 

channels. Large numbers of erythrocytes developed in the im- 

mediate region of the pericardium, and some developed beneath 

its mesothelial lining; no erythrocytes or endothelium developed 

on the posterior yolk-surface. Sections of this embryo reveal no 

connection of systemic and yolk-sac vessels. Ducts of Cuvier, 

as well as vitelline veins, are absent. The posterior yolk is seen 
in section to be quite free of vascular tissue. Owing to the trans- 
lucency of the otocysts it was possible to locate the columnar 

hematopoetic region mesial to each otocyst. A section through 

this region (fig. 83) shows the position of these cells ventral to 

the mesial portion of each otocyst. Traced posteriorly these 
columns disappear, having absolutely no relation to the inter- 

mediate cell-mass. The brain tissue is somewhat abnormal. 
The pharynx and cartilaginous gill-bars are weil developed. 

The abnormal filamentous processes from the pharynx contain 

numerous darkly staining spherical bodies which when exam- 

ined at a higher magnification are found to contain small darkly 

staining globules. These bodies resemble yolk globules some- 

what in their staining reaction. In abnormal cases these bodies 

often become imbedded in the mesenchyme, and might be wrong- 

ly interpreted as leucocytes or lymphocytes. Ventral aorta and 

aortic arches are entirely absent. Dorsal aorta is encountered 

only in a region much posterior to this. 

Figure 84 shows an embryo in which the heart-anlage was de- 

stroyed before it could be distinguished. At the same time a 

small portion of the head was isolated. At this time, optic vesi- 

cles could not be distinguished. An eye developed from the 
fragment of fore-brain tissue which remained. The otocysts 

were destroyed. There is no trace of a heart. Erythrocytes 
developed discontinuously in the intermediate cell-mass. Pro- 
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jecting diagonally forward and upward in the median plane from 

the postero-dorsal portion of the yolk is a slender group of eryth- 
rocytes, the nature of which has not yet been determined, as the 

embryo has not yet been sectioned. It is certain that these 

cells are not a part of the intermediate cell-mass as such. It 
will be noted that the dorsal portion of the trunk contains pig- 

ment. The clear region ventral to this is filled with a clear fluid. 

The pectoral fins are well developed. The mesenchyme anterior 

to the pectoral fin is hematopoetic. On the posterior yolk are 
a few large blood-lacunae. Some smaller ones are found near 
the diminutive pericardium. The region between these two 
blood-bearing areas of the yolk does not contain endothelial 

tubes. The intersomitic grooves are distinguishable in this em- 

brye; such is rarely if ever the case in chemically treated 

embryos. 

Rather unusual conditions were obtained in another cardiec- 
tomy (fig. 85). Before a pericardial cavity had been formed, 

and before heart-formation had taken place a very fine needle 

was introduced ventral to the head-tissue. Not only was the 
future heart-tissue destroyed, but the needle was then manipu- 
lated so as to sever the body axis in the mid-brain region. The 
needle did: not puncture the body-wall ectoderm. A large spheri- 

cal oedematous space probably corresponding to the pericardium 
has formed; instead of forming anterior and ventral to the head- 

fragment it has formed behind the latter, so that the head frag- 

ment has been pushed considerably forward. The diameter of 

the isolated cephalic tissue has increased very little beyond that 
at the time of operation, whereas the main part of the body has 

grown a great deal. The otocysts were partly destroyed, and 
the remains of them have probably moved forward somewhat. 
There was no heart-formation. Erythrocytes were observed 

ventral to the otocysts and anterior to the pectoral fins. An 

area probably indicating the point of emergence of the ducts of 

Cuvier from the embryonic body contains erythrocytes. The 
intermediate cell-mass is hematopoetic. The yolk-sac con- 
tains numerous endothelial vesicles and pigment cells, but no 

erythrocytes were detected on it in the living condition. 
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6. Transplanted meroplasts 

It has been seen from Stockard’s work and my own that 

chemical treatment will often produce embryos, the anterior and 

ventral portions of whose yolk-saes are practically free from en- 

dothelium. These embryos may at the same time have a slight 

dorso-lateral circulation through the ducts of Cuvier and the 

dorso-lateral yolk-capillaries. A number of such embryos were 

selected. ‘To the endothelium-free area it was possible in a few 

eases to transplant an anterior fragment of a normal embryo 

which had not yet had a circulation. The procedure was as fol- 

lows: the chorion of the ‘host’ was partly removed over the en- 

dothelium-free area. If the rotation of the yolk-sac became 

troublesome, it was possible to prick the latter in some region 

where the injury would not be serious. The slight extrusion 

would hold the embryo in place. <A very slight abrasion was 

sometimes made on the yolk-area where the fragment was to be 

transplanted. A small receptacle for the tissue was then placed 

in a wide-mouthed bottle provided with a cork perforated to per- 
mit the intake and outlet of gases. Oxygen was then generated 

and allowed to replace the greater quantity of air contained in 

the bottle; the latter was then sealed. The tissue was moistened 

from time to time with sea-water which had been boiled and 

cooled. The oxygen supply was renewed at such times. On 
the whole the experiment was quite unsatisfactory. The tissue 

would generally either die or become invaded by endothelium. 

We may consider, however, the most successful attempt which 

was made. The procedure was similar to that above described. 
The anterior region, including the otocysts, was transplanted so 

its ventral surface rested against the exposed yolk-area of 
the ‘host.’ The anterior end of the meroplast was directed an- 

teriorly. The transplanted tissue was badly mutilated, al- 

though all possible precautions were taken. 

Figure 86 shows a section of the transplanted tissue and its 

position on the yolk. The morphologically dorsal surface of the 

tissue lies toward the lower left hand corner of the figure. If 

the figure be rotated until this corner becomes uppermost, one 
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can orient himself with reference to figure 87, which is the same 
section of the meroplast somewhat enlarged. The orientation 

of figure 88 is similar to that of this figure. Examination of 

figure 87 shows that the plane of section is through an otocyst, 

probably the left. There is a very thin nervous epithelium partly 

surrounded by a cartilaginous otic capsule. Laterally located is 
evidently the anlage of a semi-circular canal. Strangely enough 

the ganglionic mass accompanying this otocyst lies lateral to it. 

The tissue on the right side of the otocyst is a rather dense 
mesenchyme, some of the cells of which are spindle-shaped and 

massed into rather fibrous complexes. This region to the right 

of the otocyst represents the median axis of the transplanted 

tissue. This section contains neither endothelial tissue nor 

corpuscles. This is true of the remaining posterior portion of 

the meroplast. The other figures shown are from planes ante- 
rior to this. 

It will be noted that the yolk-mesoderm ‘ventral’ to this mero- 
plast has become fibrous. Higher magnification of this tissue 
(fig. 87) reveals the fact that there are numerous muscle fibers. 

These seem entirely comparable to those always observed ventral 

to the anterior portion of the normal embryonic body. It seems 

that the presence of this anterior axial tissue brings about the 
formation of muscle fibers. These are, in all probability, in situ 
differentiations of the yolk-sac mesoderm and not migrations 

- from the mesoderm of the transplanted tissue. This point is dif- 

ficult to prove. 

The most anterior section figured may now be considered. 
The plane of section (fig. 88) is near the anterior extremity of 

the meroplast. The axial portion is solid cartilage. To the 

left of this the tissue contains some ganglionic material and 

mesenchyme, which lies anterior to the otocyst region of figure 

87. Within the next few sections anterior, this region on the 

left entirely disappears, leaving the cartilaginous axis alone in 

section. The region between the solid cartilage of figure 87 and 

the axial portion of figure 88 contains mesenchyme cells differen- 

tiating into erythrocytes. The cells are rather scattered and 

none of their groups is large. Figure 89 shows a section taken 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 1 
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between the planes of figures 87 and 88. The mesenchyme stain- 

ed clear blue while the erythrocytes stained red. Intervening 

stages (Hrthbl.) take a purple stain. It seems altogether improb- 

able that these erythrocytes have reached their present location 

through the circulation. The only blood-vessel which could be 

seen to approach this meroplast was a spur which projected 

towards its anterior extremity, but never reached it. Also the 

hematopoetic area is separated from the vessel by solid ‘carti- 

lage. The posterior region of the meroplast contains no vascu- 
lar tissue. The transplanted tissue is bounded ventrally by a 

compact sheet of muscle. 

Now this region of the yolk to which the meroplast was trans- 

planted is one of those regions in which the mesoderm, accord- 
ing to Stockard, is incapable of forming blood-cells. It is one of 

those ‘“‘regions in which wandering blood anlagen never make 
themselves manifest.”” If there was no circulation of the blood, 

the erythrocytes must have differentiated locally. But this 

mesenchyme is cephalic, and cephalic mesenchyme, according to 

Stockard, can not form erythrocytes. The reader may judge 

for himself which (if either) of these claims of Stockard seems 

questionable in view of the conditions here described. 
The embryo from which the meroplast was removed was pre- 

served at the time of operation and sectioned to make sure that 

none of the intermediate cell-mass had been transplanted. The 

posterior end of the meroplast proliferated a great deal of tissue 

which evidently induced a very active migration of mesenchyme 
from the posterior region of the ‘host.’ The region between the 
two contains a considerable amount of tissue of a nondescript 

sort. : 

By no means is an attempt made to estimate the value of this 
experiment for the solution of the question at hand. The work 
of transplanation has not been carried far enough to demon- 

strate its true worth. Greater experience in the manipulation 

of this method might lead to results which would be truly im- 

portant. The main trouble lies in the extremely low viability of 

the isolated tissue. 
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II. GENERAL CONCLUSIONS 

1. Does abnormal treatment obscure the normal process? 

At this point I wish to consider certain phases of Stockard’s 
work, taking up first his results, and then the conclusions which 

he drew from them. In commenting on his previous work (65) 

he stated (66, p. 583) that this work seemed ‘‘in the light of 

past literature to render highly probable, if not to prove, the: 

polyphyletic origin of the various types of blood-cells,”’ thus dis- 
posing of the “‘now extremely improbable monophyletic view.” 

He regards his technique of study as so highly satisfactory that 

“the only disadvantage is that the worker may be led to wonder 
whether so apparently a simple problem is of scientific impor- 

tance.” He believes himself to have disproved the monophy- 

letic view by demonstrating that erythrocytes of the teleost 

arise only in the intermediate cell-mass and on the posterior 
yolk; that leucocytes originate only in the anterior end of the 

body; that erythrocytes can not develop from endothelium, from 

anterior mesenchyme, in anterior vessels, on the anterior and 

ventral yolk and in the liver. 

The first question which every one must decide for himself is, 
whether he will accept the introductory statement of Stockard 

(65, p. 234) that ‘“‘it can not be argued, so far as the blood anlage 

is concerned, that the conditions recorded are pathological or 

other than those which would occur in the normal genesis of the 

blood except that it never circulates.” If it be true that such 

argument is impossible, then the whole question is settled once 

for all. There would seem to be a possibility that it can be ar- 
gued, and perhaps even proved that the blood anlage has shared 

in the afflictions which are evident in all the other tissues in 

Stockard’s figures. What would exempt the blood anlagen from 

the ill-effects demonstrable in the other tissues? These are 

questions which one should answer before proceeding to other 

considerations. 

From Stockard’s own experiments and the experiments of 

many other observers, it is evident that the anterior end of the 
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embryo is particularly susceptible to the action of chemicals or 

to any condition which impairs metabolism. Child (6) has 
shown that here the rate of metabolism is particularly high. It 
is very common to find the anterior end greatly retarded or 
highly abnormal while the posterior end of the embryo may be 

practically normal. Certainly we may say of the nervous, 

muscular, skeletal, and alimentary tissues that the characteristics 

which they exhibit under chemical treatment (see many of 
Stockard’s figures) would give a rather imperfect idea of the 

normal process. The anterior tissues may be so badly upset 

as to be scarcely recognizable, while the posterior tissues may 

approach the normal. The investigator who maintains that it 

can not be argued that the conditions recorded by Stockard are 
abnormal ‘so far as the blood anlage is concerned’ must prove 

that blood is such a stable tissue as to be able to withstand these 
ill-effects and develop normally, regardless of the conditions 

which influence so profoundly the other tissues, especially the 
anterior tissues. A comparison of Stockard’s figures 10 and 11 

(65) is particularly appropriate at this time. 

Stockard’s interpretations are based upon the proposition that 
if under unfavorable conditions erythrocytes can differentiate in 

one place in the body, all other regions failing to produce eryth- 

rocytes under these same conditions are demonstrably powerless 

to produce erythrocytes under any conditions whatever. Such 

a view does not permit of different degrees of hematopoetic tend- 

encies for different regions at a given time; it is claimed that any 

region which would ever produce blood cells at all must neces- 
sarily produce them under the given abnormal condition. In 

other words, if erythrocytes form at all they must necessarily 

form in all places capable of producing them at any time under 

normal conditions. From the fact that endothelium grown in 

an alcoholic environment was able to produce no erythrocytes, 

Stockard (65, p. 276) maintains that ‘“‘one is warranted in mak- 

ing the bold assertion that the endothelial lining of the heart 

and aorta is perfectly incapable of giving rise to any type of 

blood-cell.”” As a matter of fact it has never been maintained 

that endothelium is an important source of erythrocytes as com- 
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pared with many other blood-producing tissues. The relatively 

few cases of this sort are generally regarded as significant prin- 

cipally for the evidence which they afford of the non-specificity 

of endothelium. 
It is conceivable that a tissue whose hematopoetic tendencies 

are weak would be the first to be affected by abnormal treat- 
ment. Stockard reasons somewhat differently. He states that 

‘if vascular endothelium had such power, then one might expect 

that this power would show itself where it is most needed, for 
example in these embryos in which the blood never circulates.”’ 

One might take the equally teleological, but opposite view that 
these embryos are the very ones which do not need erythrocytes. 

Stockard goes still farther and maintains (65, p. 311) that the al- 
coholic environment should be able to stimulate endothelium to 
form blood cells, provided endothelium is capable of being so 
stimulated. He points out that no endothelial cell has ever 
been seen to give rise to a blood cell. Should this observation 

ever be made, it becomes of interest to know whether the phe- 
nomenon would be regarded as adequate proof of the ability of 

endothelium to form blood, or whether it might be regarded as 

an instance in which the blood anlage was ‘exotic’ (65, p. 395) 

or one in which the process of development had not been clean- 

cut (65, p. 292). 
Concerning the following points it is difficult to determine 

definitely the interpretation to be placed on Stockard’s state- 

ments. He figures leucocytes in very young stages, yet (65, p. 

309) regards their late appearance as significant. He states (65, 

p. 280) that they have never been observed except in the anterior _ 

region of young embryos, yet believes (65, p. 284) that they are 

of a wandering disposition, later making their way into all parts 

of the embryo. Rather strangely, on page 269 (65) he states 

that ‘‘in no case has any type of lymphocyte or leucocyte been 

present in these yolk-islands except as late wandering cells,” 

whereas he repeatedly states that yolk-islands are always devoid 
of such structures in the absence of circulation. He regards en- 

dothelial cells equally specific with blood, and far removed geneti- 

cally from connective tissue cells and blood cells; he classes endo- 
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thelial cells with these latter derivatives as being equally specific 
with pancreatic cells and liver cells (65, p. 323). He assures 

us that an invisible destiny shapes the ends of pre-endothelial 

cells, yet on page 316 (65) he states that the mesenchyme ‘‘may 
be admitted to form endothelium largely as a response to physi- 

cal conditions.’ He states that erythroblasts never divide when 

inside an endothelial cavity, and that red blood cells are always 

formed in or budded into a vascular space; both these statements 

are probably incorrect. 

There are some interesting conditions in Stockard’s own ma- 

terial which he seems to have misinterpreted. Let us examine 

first his basis of belief that no anterior vessel ever contains a red 

blood cell if the blood never circulates. We must first agree on 

what is meant by, and included among the anterior vessels. 

Doubtless the pre-cardinal veins may be regarded as anterior 

vessels; doubtless also the ducts of Cuvier would serve as a 

place of demarcation between anterior and posterior vessels. In 
all of Stockard’s figures and discussions the terms ‘precardinal,’ 

‘duct of Cuvier’ and ‘post-cardinal’ are entirely wanting, so far 
as I am aware. No term more definite than cardinal vein or 

stem-vein is used. In the normal individual Stockard misin- 

terpreted the ducts of Cuvier as vitelline veins. He figured 
vitelline veins arising between the otocysts. If we admit that 
the adult teleost has a duct of Cuvier, as is generally believed, 

then the ‘vitelline vein’ figured by Stockard are ducts of Cuvier 
whose sources between the otocysts are the precardinal vein. 
The term ‘vitelline vein’ is correctly used to distinguish particu- 

_lar yolk-sae vessels of a very definite morphology. ‘Thus in the 

normal individual, Stockard misinterpreted the ducts of Cuvier, 

while in most of his experiments its development was prevented, 

so that in neither case was he able to utilize the only satisfactory 

landmark by which to determine the anterior vessels. No 
doubt the embryos in many of Stockard’s figures have erythro- 

cytes in their precardinals. Figures from Wenckebach’ and es- 

pecially those of McClure (86) demonstrate the fact that in 

young stages the teleostean duct of Cuvier is well posterior to 

3 Hertwig’s Handbuch, p. 1131. 



ORIGIN OF VASCULAR TISSUES 119 

the otocyst. See also Reagan and Thorington (55), figure 15. 

The ‘splitting’ which Stockard often found in the anterior por- 
tion of the ‘stem vein’ probably represents precardinal veins. 
The ‘cardinal vein’ of Stockard’s figure 9 (65) is almost certainly 

a duct of Cuvier with its anterior continuation, the precardinal. 

At the thirty-second session of the American Association of 

Anatomists, the writer presented evidence that erythrocytes may 

develop locally in many regions in which Stockard claims they 

never form. The objection was immediately raised that the 

red blood cells observed in these positions had migrated. Such 

objections had been anticipated (53, p. 116) and answered as 

follows: ‘‘I am not at present concerned with the possibility of 

those cells having migrated from some other position; the pres- 

ent situation is relieved of such perplexing considerations when 

Stockard goes so far as to say that the heart, anterior vessels, 

anterior yolk, and liver are regions in which wandering blood an- 
lagen never make themselves manifest. He also speaks of eryth- 

rocytes ‘originating’ on the yolk when it is certain that their ul- 

timate anlagen did not occupy that position.” 

Thus it is seen that blood cells are described as ‘originating’ 

(64, p. 125) on the yolk, although their anlagen migrated there 

from some other position. Have we not the same privilege even 

if it should be demonstrated that cell-migration is responsible 
for anterior blood cells? Is it reasonable to suppose that eryth- 

rocytes should migrate, when in chemically treated embryos 

which are perfectly normal ‘‘so far as the blood anlage is con- 
cerned” the leucocytes and lymphocytes of Stockard are unable 

to move from the head regions? The differentiation of a mesen- 

chymal derivative on the teleost yolk-sae in the absence of cir- 

culation necessitates migration owing to the original absence of 

mesenchyme on the yolk. On the other hand, the mesenchyme 

is so widely distributed throughout the embryo’s body that it 

is not necessary to assume that a blood-producing mesenchyme 

cell had migrated to a given place within the embryo’s body 

from some other region. Mesenchyme cells undoubtedly can 

migrate, but the process of migration in case of intraembryonic 

hematopoesis would scarcely suggest itself except in support of 
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a thesis. It has not yet occurred to anyone to claim that the en- 

dothelial cells forming in practically all regions of the body have 

migrated there from other sources or from any single source. 

If, however, it should be shown that such migration of erythro- 

eyte-forming mesenchyme within the body is a process of im- 

portance. in the normal development which Stockard’s experi- 
mental conditions have inhibited, the demonstration of this fact 

is of importance. Our ultimate aim is an understanding of the 
normal process. If unfortunately it be true that chemical treat- 
ment is not a panacea for our perplexities concerning the normal 

processes of vascular development, it is desirable that we realize 
that fact. 

Let us now consider certain of the deductions made by Stock- 

ard from his results which are said to render the monophyletic 

view extremely improbable. If my analysis be correct, his en- 

tire philosophy of vascular development rests on the following 

assertion, in favor of which his own work offers no proof. On 

page 229 (65) he makes this statement which serves as his point 
of departure: ‘‘There can be no doubt of the great genetic dif- 
ference between blood-cells and connective tissue cells, yet their 

parent cells are with our present methods indistinguishable.” 
As a matter of fact the doubt which has been entertained and 

which still exists as to the great genetic difference of blood and 

connective tissue is the basis of the very problem with which we 

are concerned. In the next sentence following the one just 

quoted it is stated: ‘‘We may with equal justice go further and 
hold likewise that the cells from which vascular endothelium, 

red blood cells and white blood cells arise are mesenchymal cells 

really differing in nature according to whether they will give rise 

to one or the other of the three types.” This statement is de- 

pendent on the one preceding in which we are asked to accept 

from authority that preformation follows as a matter of course 

since the end-results are different. On pages 315-316 (65) we 

have this same idea carried out still farther. Stockard states: 

This invisible difference determines the destiny of the cell to form 
either leucocytes or erythrocytes, but we can not stop just at this 
point; we must go back to the actual beginning: Then it is found that 
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although two wandering mesenchyme cells on the yolk of the fish 
embryo are indistinguishable so far as observations go, yet they are 
fundamentally different since one is destined to form an erythroblast 
while the other possesses no such power and can only form an endo- 
thelial lining cell or pigment cell as the case may be. This is all the 
diphyletic or polyphyletic school would ask. . . . Here we 
logically stop, for this is what is conceived by embryologists to be an 
anlage. . . . . To stop with the tissue anlage we find strong 
evidence that certain mesenchymal cells are designated to form erythro- 
blasts, others leucoblasts, and still others, and these are more uni- 
versally scattered throughout the body, give rise to vascular endo- 
thelium. 

On page 283 (65) Stockard states that the ‘‘mesenchymal cell, 
if taken early enough could no doubt give rise to other mesen- 
chymal cells which would later form these types of cells.’’ 

Thus it would seem that our ‘conceived’ anlage is not a very 
tangible thing. We could not definitely locate such an anlage 

and be sure that it might not be a mesenchyme cell which might 
give rise to other mesenchyme cells ‘of these various types.’ 

Its existence is assured by authority and not by demonstration. 

Some place in the morphologically indifferent stage which we 

can not locate, ‘we find strong evidence’ that certain mesenchyme 
cells are designated to this or that fate. But if it be true that 

‘here we logically stop’ (i.e., looking retrospectively), the con- 

verse must be true that looking prospectively, ‘here we logi- 
cally start.’ We have selected an instant in which the cell-com- 

plex appears by all known means of observation to be indiffer- 
ent, but our intuition tells us that differences exist. Prior to 

this time none of the diverse progeny could be said to have an 

anlage. Now if it be the goal of the polyphyletic school to prove 
that with actual differences once given, the remainder of the proc- 

ess is, In general, one of greater divergence, their goal is easily 

reached. Doubtless no one would oppose them. ‘True enough 

the word ‘polyphyletic’ etymologically conveys the idea of 
‘many branches.’ If this idea has merely to do with the fate of 

the parts subsequent to the instant at which we ‘logically start,’ 

—if in other words our phyleticism has nothing to do with 

the origin of the parts beyond the point at which we ‘logically 

stopped,’ then the general process of development is uncondi- 
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tionally polyphyletic. If it were not so, the process of differen- 

tiation would never proceed beyond the point at which our in- 

tuition tells us that differences exist, though we can not see them. 

It would seem that ‘‘all the polyphyletic school would ask’’ (65, 

p. 283) and again that all the polyphyletic school would demand 
is the privilege of reasoning in a circle. 

The attempt has often been made to prove that two tissues 

eould never have come from a common anlage for the reason 

that when differentiation has taken place the products of dif- 

ferentiation have different appearances. Thus Clark (9) believed 

himself to have proved that endothelium could not develop from 

mesenchyme for the reason that the nucleoli and certain other 
fine structures of the differentiated tissues were different. This 

finding should not be surprising if the grosser structures them- 

selves were so different as to render possible the distinguishing 

of the two tissues.* 

If one were to neglect the transitional stages from mesenchyme 

into cartilage he might convince himself that the latter could 

never have come from the former. But should he recognize 

these transitional stages he might then claim that transforma- 

tion took place because the transforming mesenchyme cells were 

destined to that fate and were therefore specific. Yet is there 

no other alternative? The work of Lewis® and my own work® 

has shown that in one case at least, preformation need not be 

assumed; it was shown that otic cartilage arises in response to 

the presence of a sensory epithelium. The work of Burr’ has 

since shown the same to be true in ease of nasal cartilage. Lewis 

showed that if the otocyst of an anuran be transplanted to the 

mesenchyme of a urodele, there developed a cartilaginous cap- 

sule typically urodelan in character. Here would seem to be a 

case in-which the realized outcome was surely not an expression 

4 In Prentiss’s Text-book of Embryology (Saunders Co., 1915), p. 287, a great 

deal is made of the fact that F. T. Lewis (Am. Jour. Anat., vol. 5, 1905) observed 

that ‘‘lymphatie spaces do not resemble mesenchyma.”’ 

5 Lewis, W. H., Anat. Rec., vol. 1, 1907, p. 143. 

6 Reagan, F. P., Proc. Am. Assn. Anat., Anat. Rec., vol. 9, no. 1. 

7 Jour. Exp. Zodl., vol. 20, no. 2, 1916. 
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of a predestination. If, on the other hand, otic capsules nor- 

mally were in the habit of developing in practically all parts of 

the embryonic mesenchyme, such an experiment would have 

little significance; in that case, all that could be said is that there 

would be no especial reason for the belief that the formation of 

the otic capsule was a matter of predestination; preformation in 

this instance could neither be proved nor disproved. Suppose 
for instance that some substance were discovered which would 

cause the formation of endothelium wherever that substance 

might be introduced into the mesenchyme. If it be admitted 

that there are mesenchyme cells in practically all regions which 

are capable of forming endothelium, it would obviously be im- 

possible to say whether the endothelium which had resulted from 
the introduction of the substance came from mesenchyme cells 

whose fate had previously been sealed, or from truly indifferent 

cells whose vascular characteristics had actually been initiated 

and not merely unfolded, awakened, or stimulated. 

By common consent we have generally agreed that there is no 

especial reason for believing that a widely diffused mesenchymal 
derivative is specific. It is generally agreed that before a tis- 

sue can be claimed to be specific it must conform to three con- 

ditions: First, it must have a demonstrable and narrowly lim- 

ited anlage whose position we can predict. Second, this tissue 
must never be found producing any kind of tissue different from 
the one for which the anlage is claimed to be specific. Third, 
the anlage producing this tissue must never produce any other 

kind of tissue. If a mesenchymal derivative fails to conform to 

any of these conditions, there is no especial reason for believing 

it to be a ‘specific’ tissue. 
In his final conclusion (65, p. 323) Stockard states: 

The facts here presented seem to indicate that vascular endothelium, 
erythrocytes, and leucocytes, although all arise from mesenchyme, are 
really polyphyletic in origin: that is, each has a different mesenchymal 
anlage. To make the meaning absolutely clear, I consider both the 
origin of the liver and pancreas cells a parallel case; both arise from 
entoderm but each is formed from a distinctly different entodermal 
anlage, and if one of these anlagen is destroyed the other is powerless 
to replace it. 
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So far as endothelium is concerned, the two cases are most 

certainly not parallel. There is abundant evidence for the be- 

lief that endothelium can form locally in the mesenchyme in 

practically all parts of the germ layer of which it is a constitu- 

ent. There is no evidence that pancreatic cells form locally in, 

or even migrate into practically all regions of the entodermal tis- 

sue. One can predict, in case of pancreatic and liver tissues, 

approximately the very region in which the anlagen will make 

themselves manifest; to say the very least, one can predict that 

in the greater part of the entoderm no pancreatic or liver anlagen 
ever exist. This can not be said to be true of mesenchyme cells 
capable of forming endothelium. If the results outlined in my 
own work hold good for teleost blood-cells, the development of the 

latter will likewise be found not to constitute a case comparable 
to that of the development of pancreas and liver. 

The inability of one differentiated tissue to replace or regen- 

erate another has absolutely no bearing on the question. In 

some species a given organ can be regenerated while in other 

closely related species that very same organ can not. Obviously 

a comparison of the regenerative power of different tissues of the 

same organism or of their ability to replace each other has no im- 

portance for the question at hand. The ordinary process is not 
for a destroyed tissue to be replaced by another equally differen- 

tiated tissue, but to be regenerated by a tissue intermediate be- 

tween the two and more primitive than either. 
The monophyletic view does not hold that development shall - 

be chaotic and without system. For the monophyletic view it 
is not necessary that the diverse mesenchymal derivatives should 

invariably be found in close association. If it be true that there 

is really an equipotential stage in which the fate of a mesen- 

chyme cell is détermined in part by factors extraneous to its 

own constitution, it does not necessarily follow that the factors 

which direct the development of these cells into different avenues 
will all operate at the same place or at the same time in that 

truly equipotential system. Neither is the possibility pre- 

cluded that in some parts this equipotentiality or embryonic 

condition may persist until a late stage in the ontogeny, making 

possible a plasticity of interadaptation and a regulation of parts 
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—a phenomenon long since recognized and known. as indetermi- 
nate development. The great importance and great complexity 

of the intercellular environment is little appreciated. We are 

likely to consider this type of environmental differences as of 

little importance for the reason that we know little about them. 

Again I wish to state as I have twice done previously that 
“‘the development. of the vascular system furnishes an unproduc- 

tive field for the solution of the problems of preformation and 
epigenesis.”’ A diffuse tissue like the mesenchyme is the very 
worst sort of tissue in which to prove predestination by authority. 

Despite the very important work which has recently been done 
on the vascular system, the interest which attaches to its main 

problems is by no means merely historic. The vascular system 

still may have some surprises in store for us. The fact that the 

problem can be attacked experimentally need by no means be- 

little its importance. As yet we are still in the stage of testing 

our methods, and will do well to accept with caution the results 

of experimental methods, remembering that experimental con- 

ditions may obscure the normal process. The very best we can 

do experimentally is to subject the embryo to as many methods 

of experiment as possible, selecting results from those methods 

which alter to the least extent the normal process. By com- 

bining the pictures obtained from these various methods into a 

composite picture we may by chance obtain a resultant which will 

be of service to us in the study of the normal process. By de- 
termining as many as possible of the things which a tissue is able 

to do, we obtain information as to what it doesdo. We may, 

perchance, sometimes find that a given tissue can do some of 

those things which it had previously been regarded as unable to 

do; this alone would justify experimental effort. 
I wish to make clear that in no case do I regard an experimental 

condition as portraying a truly normal process, and have there- 
fore not volunteered an estimate of the significance to be at- 

tached to the observed conditions in each experimental case. 

It is too much to dare hope that my results will meet with ready 

acceptance; all I can say is that during the time in which I have 

worked, I have spared neither labor nor pains to make these re- 
sults accurate. 
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Ill. SUMMARY 

The foregoing results furnish evidence in favor of the follow- 
ing propositions: 

First, that mesenchyme in many regions of the body can turn 

into endothelium, and that endothelium is not an ingrowth from 
vessels on the yolk. 

Second, that prevascular tissue can come from more than one 

germ-layer. 
Third, that mesenchyme cells which can form a given type of 

blood cell are not confined to a narrowly limited region of the 

embryo. 
Fourth, that endothelium can transform into blood-cells. 
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PLATE 1 

EXPLANATION OF FIGURES 

11 Section through the anterior portion of the forebrain of a head-mero- 

plast, showing unusual head-coelom. Total incubation thirty-two hours. Oper- 

ation at the time of the first intersomitic groove (x 160). Experiment, Type 

I, no. 19; b, anlage of ventral aorta; c, coelom; d, pharynx; e, forebrain. 

12 Section through the forebrain of a head-meroplast, showing early stages 

in the formation of vasofactive cells. Total incubation, twenty-nine hours: 

Operation previous to the formation of the first intersomitie groove ( 200). 

Experiment, Type I, no. 24; a, prevascular mesenchyme; c, coelom; d, pharynx; 

e, forebrain. 

13 Section through the forebrain of a head-meroplast showing a loose paren- 

chyma in a position occupied by the isolated vasofactive cells of figure 4. Total 

incubation thirty hours. Operation at the time of the first intersomitic groove 

(X 150). Experiment, Type I, no. 18; a, prevascular mesenchyme; c, coelom; 

d, pharynx; e, forebrain. 
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PLATE 2 

EXPLANATION OF FIGURES 

14 Section through the forebrain of a head-meroplast showing anlagen of 

the ventral aorta. The longitudinal incision on the right was relatively close 

to the neural fold. The cut edges of the pharyngeal entoderm have pulled apart 

the ventral tissues having swung to the left. Experiment, Type I, no. 31 (x 240). 
b, ventral aorta: c, coelom; d, pharynx; e, forebrain. 

15 Section through the forebrain of a head-meroplast showing a well-defined 

ventral aorta. The right longitudinal incision was close to the neural fold. 

None of the excised head has regenerated; the mesenchyme is very compact 

near the cut surface the cells of which are somewhat epithelial. Total incuba- 

tion thirty-three hours. Operation at the time of the first intersomitie groove 
(X 175). Type 1, no. 17; b, ventral aorta; c, coelom; d, pharynx; e, forebrain. 

16 Section through the forebrain of a head-meroplast showing a proamniotic 

sac containing a pouch of coelomic mesothelium. On the ventral side of the 

sac is a peculiar proliferation of entodermal cells very constantly appearing in 

experiments of this type, generally more symmetrically situated. Total ineu- 

bation, forty-eight hours. Operation at the time of the second intersomitie 

groove (X 55). Experiment, Type IT, no. 3; c, coelom; e, forebrain; f, ectoderm; 

g, entoderm; j, extra-embryonic vessels. 
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PLATE 3 

EXPLANATION OF FIGURES 

17 Photograph of a section through the midbrain of the same meroplast as 

in figure 16, showing well developed dorsal aortae and the absence of a tubular 

pharynx in a tubular head. Fusion of entoderm and ectoderm at points indi- 

eated by x (X 120). f, ectoderm; g, entoderm; h, dorsal aorta; 7, midbrain. 

18 Photograph of one of the first available sections of the blastoderm behind 

the incision G to H of Experiment Type IT, no. 3, showing the freedom of the 

pellucid area from endothelium (x 160). 

19 Photograph of a transverse section of the removed blastoderm of Experi- 

ment Type I, no. 31. One of the first available sections behind the transverse 

incisions, showing especially well the position of the longitudinal incisions and 

the status of the extraembryonic vascular tissue. Hndth., endothelium; Pv.mch., 

prevascular mesenchyme. 

20 Photograph of the removal blastoderm of Experiment Type I, no. 122, 

showing the absence of all vascular tissue at the time of operation (prior to 

somite-formation). See also figure 22. 
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PLATE 4 

EXPLANATION OF FIGURES 

21 Portion of a transverse section through the pharyngeal region of mero- 

plast Type I, no. 31, near the plane of figure 14. 

22 Portion of a transverse section through the pharyngeal region of mero- 

plast Type I, no. 122, showing conditions very similar to those in figure 21. The 

endothelial tubes of the two sides are in communication ventral to the pharynx. 

The endothelium ‘stains more darkly than does the mesenchyme. 

ABBREVIATIONS 

Coel., coelom Par. mes., parietal mesoderm 

Endth., endothelium Vis. mes., visceral mesoderm 

Ent., entoderm 
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PLATE 5 

EXPLANATION OF FIGURES 

23 Section through the posterior heart-region of meroplast Type II, no. 133. 

24 Transverse section of meroplast Type II, no. 96. The unilateral heart of 

this embryo communicates with extraembryonic vessels. The aortic anlagen 

are discontinuous. 

25 Transverse section through the trunk of meroplast Type ITI, no. 116, 

showing a beginning of splanchnopleural concrescence. 

26 Section more anterior in same meroplast showing apposition of concres- 

cing entoderm to close off the pharynx. 

ABBREVIATIONS 

Aort., aorta Myc., myocardium 

Coel., coelom Ot. ep., otic epithelium 

Kcet., ectoderm Par. mes., parietal mesoderm 

Endc., endocardium Ph. pharynx 

Endth., endothelium Vis. mes., visceral mesoderm 

Ent., entoderm 
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PLATE 6 

EXPLANATION OF FIGURES 

27 Section through the heart of the same meroplast showing completion of 

ventral ‘body wall’ and remains of ventral mesentery of the heart. Note the 

well developed endocardium and dorsal aortae. 

28 Section through the fore-gut of meroplast Type II, no. 52, showing numer- 

ous endothelial cysts and mesothelial folds. The entire body wall is covered 

with ectoderm. Section is shghtly frontal. 

29 Transverse section through the multiple unilateral heart anlage of mero- 

plast Type I, no. 111. 

30 Transverse section through the posterior axial region of meroplast. Type 

IT, no. 124, showing unequally developed dorsal aortae. 

ABBREVIATIONS 

Aort., aorta Par. mes., parietal mesoderm 

Ect., ectoderm Ph., pharynx 

Endc., endocardium Pv. mch., prevascular mesenchyme 

Endth., endothelium Vis. mes., visceral mesoderm 

Ent., entoderm x, point of fusion of ectoderm and 

Myc., myocardium entoderm 



ORIGIN OF VASCULAR TISSUES PLATE 6 
FRANKLIN P. REAGAN 

—_ 

yaw 

+ 

re Vismes. . 27 

> 
nies ee |= 

~~ Py.meh 

Bae “Ende. 

143 



PLATE. 7 

EXPLANATION OF FIGURES 

31 Section through the posterior axis, Type II, no. 149, showing a small 

aortic anlage which has developed in a region devoid of a coelom. 

32 Section through an early visceral mesodermal proliferation of pre-endo- 

thelial tissue in the aortic line anterior to the plane of figure 31. 

33 Section between the planes of figures 31 and 32 showing a ventrally directed 

proliferation of visceral mesoderm in the aortic line. 

34 Transverse section through the posterior axial region (Type IT, no. 53) 

showing small dorsal aortae. 

35 Transverse section through the heart region of Type I, no. 34, showing 

endocardium approximated to entoderm. 

36 Transverse section through anterior heart region of same meroplast show- 

ing endothelium apparently being delaminated from mesoderm. 

ABBREVIATIONS 

Aort., aorta Pv. mch., prevascular mesenchyme 

Endc., endocardium Vis. mes., visceral mesoderm 

Ent., entoderm r, point of fusion of ectoderm and ento- 

derm 
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PLATE 8 

EXPLANATION OF FIGURES 

37 Transverse section through trunk of meroplast Type II, no. 88, showing 

the proliferation of endothelium by visceral and by parietal mesoderm. 

38 Section posterior to the plane of figure 37, and more highly magnified. 

ABBREVIATIONS 

Ect., ectoderm Ent., entoderm 

Endth., endothelium Pv. mch., prevascular mesenchyme 
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PLATE 9 

EXPLANATION OF FIGURES 

39 Transverse section through the heart-region of meroplast Type II, no. 

14. On the right side of the figure will be noted a thickening of the entoderm. 

40 Portion of the same section more highly magnified. The mass of cells 

lying against the entoderm has evidently been proliferated by that tissue. 

ABBREVIATIONS 

Ent., entoderm Vis. mes., visceral mesoderm 

Par. mes., parietal mesoderm x, point of fusion of ectoderm and 

Pv.m., prevascular mesoderm entoderm 
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PLATE 10 

EXPLANATION OF FIGURES 

41 Section slightly anterior to the plane of figure 40, showing the entodermal 

proliferation slightly separated from the entoderm. 

42 Section anterior to the plane of figure 41, one portion of the entodermal 

proliferation still in contact with the entoderm. 
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PLATE 11 

EXPLANATION OF FIGURES 

43 Section much anterior to the plane of figure 42, showing a double endo- 

thelial tube surrounded by myocardium. This endothelium can be traced back 

continuously to solid tissue the base of which is shown in figure 40. 

44 Transverse section of the middle heart region of meroplast Type II, no. 

48. 

ABBREVIATIONS 

Endc., endocardium 

Endth., endothelium 

Ent., entoderm 

Myc., myocardium 

Par. mes., parietal mesoderm 

Vis. mes., visceral mesoderm 
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PLATE 12 

EXPLANATION OF FIGURES 

45 Section through the anterior heart region of the same meroplast show- 

ing an entodermal proliferation of prevascular mesoderm 

46 Section between the planes of figures 44 and 45 showing a connection of 

endothelium with entoderm. 

47 Section through the posterior heart region of the same meroplast show- 

ing endothelium connected with entoderm. 

48 Section posterior to the plane of figure showing the prevascular tissue 

in connection both with entoderm and with mesoderm. The connections with 

the latter are not mere coagulations of a clear plasma, but are composed of a 

real intercellular matrix. 

ABBREVIATIONS 

Endth., endothelium Ent., entoderm 

Pv. mch., prevascular mesenchyme 
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PLATE 13 

EXPLANATION OF FIGURES 

49 to 57 Dorsal views of the cephalic portions of chemically treated embryos. 

Figures 57 and 58 are lateral views. The stippled areas in these figures indicate 

the location of erythrocytes as observed in the living embryo. 

49, 50, 53, 55 Represent the heads of fourteen-day embryos, which at their 

four-cell stage were treated for twenty-four hours with a solution of 50 cc. sea- 

water to which had been added 15 cc. of m/12 butyric acid. They are all from the 

same experiment, one-fourth of the embryos in which yielded similar results. 

Owing to the evanescence of the red coloring, it is possible that many others 

may have passed through this critical stage without being observed. 

51 and 52. Described with sufficient detail on page 95. 

56 and 57 From embryos obtained from the same experiment as that of 

figures 43 and 44. 

58 From anembryo, the treatment of which is described on page 95. Erth., 

erythrocytes; Ht., heart. 
59 Represents an embryo, only a small portion of the body axis of which 

developed. No heart formation has taken place. There is a large dilated peri- 

eardium in the region of which are many isolated erythrocytes. Embryo from 

same experiment as that from which the embryos of figures 49, 50, 53 and 55 were 

obtained. It seems improbable that the ‘pericardium’ of this embryo should 

be interpreted as Kupffer’s vesicle. Even so, there are blood cells of local origin 

on what would then be the anterior yolk, not shown in this figure. 

60 Represents a case in which the embryonic body has failed to develop, or 

as such has been transformed into mesodermal and vascular tissues which are 

scattered entirely over the yolk. The embryo at the four-cell stage was treated 

for ninety-six hours with a solution of 50 ec. of sea-water to which was added 

15 ce. of a molecular solution of acetone. 

61 <A lateral view of a twelve-day embryo treated for twenty-four hours 

subsequent to the four-cell stage with a solution similar to that employed in case 

of the embryos represented by figures 49, 50, 53,55 and 59. Kindness of Dr. E. 

I. Werber. 

156 



ORIGIN OF VASCULAR TISSUES PLATE 13 

FRANKLIN P. REAGAN 

bs 
: an a= 

157 



PLATE 14 

EXPLANATION OF FIGURES 

62 A transverse section through the optic region of a nine-day embryo which 

at the four-cell stage was treated with a solution of 50 cc. sea-water, to which 

had been added 15 ec. M/12 butyric acid. The yolk-sac is devoid of vascular 

tissue. The space in the optic cup (on the left side of the figure) normally occu- 

pied by a lens, contains a blood lacuna. On the right side is seen the attach- 
ment of the upper optic stalk and the base of the lower. 

63 Transverse section of the same embryo from which figure 62 is taken; it 

is a section passing through the optic anlagen, showing isolated crytrocytes, 

solid heart, and unusual eye-formation. 

ABBREVIATIONS 

BL.1., blood lacuna Myc., myocardium 

Endc., endocardium Oc., optic stalk 

Erth., erythrocytes O.st., optic stalk 

Ht., heart Y.s., yolk sac 

L., lens 
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PLATE 15 

EXPLANATION OF FIGURES 

64 Section of the same embryo slightly posterior to the optic stalks, showing 

the precardinals as haemophoric vessels. The erythrocytes are angular in con- 

tour (especially in the vessel on the right of this figure) due to their crowded 

condition. <A few of the erythrocytes in the less crowded vessel on the left have 

become rounded. 

65, 66, 67 and 68 Transverse sections of the embryo from which figure 49 was 
drawn. 

65 Section just posterior to the optic cups passing through the anterior ends 

of the haematopoetic areas of this region as shown in figure 49. In this figure, 

as in figure 66, the position of the blood-cells is roughly and arbitrarily indi- 

cated by heavy black dots. 

66 Section passing through the posterior portions of the optic cups, and 

showing the position of the median blood anlage of figure 49. The heart in this 

figure is a solid continuation of the left portion of the double body labeled heart 

in figure 65. 

67 An accurate detail of the blood-producing areas seen on the right side 

of the head in figure 65. Conditions in the lower lacuna seem to be farther 

advanced. Certain mesenchyme cells (lightly stippled) are in a stage of tran- 

sition to erythrocytes (cytoplasm clear). A blood space is forming while the 

mesenchyme cells bounding it seem to be receding to form endothelium. The 

free erythrocytes are rounded in contour. 
68 An accurate detail of the median dorsal blood anlage of figure 66. The 

blood-cells are very strongly eosinophilous but are crowded and possess angular 

contours. 

ABBREVIATIONS 

Erth., erythrocytes Ht., heart 
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PLATE 16 

EXPLANATION OF FIGURES 

69 and 70 Are described in detail on page 96. The small arrows indicate the 

direction of pulsation in the ‘accessory heart.’ Note the apparently normal 

condition of the actual heart. 

71 Section through the heart of this same embryo near the plane of section 

of figure 65. The connection of the fused portions as described in the text is 

looser than in the plane of figure 65. The right ‘arterial’ side contains no endo- 

thelium in this section. Erythrocytes in various phases of development are 

observed. Note the cuboidal nature of the endocardium in the left side of the 
figure. 

72 Section through the heart of the embryo from which figure 55 is made. 

In this figure the endocardial cells are cuboidal and rather deeply staining. The 

endocardial cavity contains erythrocytes which are in a column continuous with 

the erythrocytes of figures 73 and 74. There is a more or less distinct myo- 

cardium. 

73 Shows a section of the same heart in which a portion of the endocardium 

and myocardium are transforming into eosinophilous blood-cells. 

74 From the same heart. The plane of section is near the upper end of the 

heart. The entire endocardium and myocardium of this region has transformed 

into eosinophilous blood-cells which, as in many instances already noted, are 

unable to round themselves out for lack of space. 

ABBREVIATIONS 

A.ht., accessory heart Endc., endocardium 

BUL1., blood lacuna Erth., erythrocytes 

Myc., myocardium 
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PLATE 17 

EXPLANATION OF FIGURES 

75 Section through the otocysts of the embryo of which figures 62, 63 and 

64 are sections. The precardinal lines are indicated by erythrocytes. There 

are erythrocytes in the very rudimentary short ventral aorta. 

76 Section through the optic region of an embryo of Erimyzon sucetta ob- 

longus. Embryo at cell stage was treated with aweak solution of KCN. Dorsal 

to each eye are erythrocytes in all stages of development.—Kindness of Pro- 

fessor McClure. 

ABBREVIATIONS 

Erthbl., erythroblast Erth., erythrocyte 
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PLATE 18 

EXPLANATION OF FIGURES 

77 Section through the heart of the same embryo (see fig. 76) showing the 

solidity of the proximal portion of the heart and the almost complete absence of 

anterior vessels. 
78 Section tangential to the posterior surfaces of the eyes showing the absence 

of endothelium posterior to the groups of erythrocytes seen in figure 76. 

79 Section through the nasal sensory epithelia of the same embryo showing 

a group of erythrocytes in an endothelial cavity near the sensilla of the left side. 

80 Section through the liver of this same embryo showing erythrocytes 

within the liver tissue and their absence in the aorta. 

ABBREVIATIONS 

Erth., erythrocytes Lvr., liver 

Ht., heart Nas. ep., nasal epithelium 
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PLATE 19 

EXPLANATION OF FIGURES 

81 Section through the liver of the embryo from which figures 62, 63, 64, and 

75 are made. Erythrocytes are seen in various stages of formation from mesen- 

chyme cells. 

ABBREVIATIONS 

Erthbl., erythroblasts Erth., erythrocytes 
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PLATE 20 

EXPLANATION OF FIGURES 

82 Total view of a living cardiectomized embryo of Fundulus. Age nine 

days. Operation at seventieth hour. Column of erythrocytes can be seen 

through otocyst. Erythrocytes and endothelium present on anterior yolk but 

absent on posterior yolk. Eyes very defective. 

83 Transverse section through the otocysts of the embryo represented in 

figure 82. Erythrocytes indicate precardinal lines. Erth., erythrocytes. 
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PLATE 21 

EXPLANATION OF FIGURES 

84 A living ten-day Fundulus embryo in which the heart anlage was de- 

stroyed at the 60-hour stage. Erythrocytes developed anterior to the pectoral 

fins, on the anterior yolk just ventral to the pericardium, and in a peculiar posi- 

tion dorsal to the posterior yolk, as well as in the intermediate cell mass and on 

the posterior yolk. 

85 A living twelve-day Fundulus embryo in which the heart anlage was 

destroyed at the 60-hour stage. At the same time the head was severed. A large 

‘pericardial’ cavity has formed. Erythrocytes formed between the otocysts, in 

the ducts of Cuvier, and in the intermediate cell mass. 
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PLATE 22 

EXPLANATION OF FIGURES 

86 Section through the yolk sac of a chemically treated embryo showing 

the position of a transplanted cephalic meroplast. 

87 The same section of the meroplast more highly magnified showing an 

otic capsule, and mesenchyme devoid of erythrocytes. 

88 A section through the anterior-most region of the meroplast showing the 

axial portion to be solid cartilage. 

89 Section between the planes of figures 87 and 88, more highly magnified 

showing mesenchyme cells in various stages of transition into erythrocytes. 

ABBREVIATIONS 

Cart., cartilage Gng., mass of ganglionic tissue 

E., eye Ot.c., otie capsule 

Erth., erythrocytes Otcst., otocyst 

Erthbl., erythroblasts Y.s., yolk sac 
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Introduction 

The frequency with which injuries and deformities of the fe- 

mur are encountered renders the establishment of the laws gov- 

erning the inner architecture of this bone of great practical and 
theoretical value. The development of modern views of the 

significance of the inner architecture of the femur and of bone 
in general will be briefly considered in a separate section. 

The femur has been more carefully and more extensively 

studied than any other bone. This is easily accounted for by 

the great complexity of the inner structure, the large size, the 

unusual shape and the great importance of this bone from a 

practical point of view. In spite of the large literature and the 

immense amount of work that has been done upon this subject, 

there is still much difference of opinion as to the proper inter- 

pretation of the inner structure of the femur. 

If the mechanical structure of the normal femur is shown to con- 

form closely to the mathematical proportions of a structure of 

similar shape and physical properties, economically designed to 

resist the action of loads similar in amount and manner of ap- 

plication, it is conclusive that the structure of the femur is based 

upon exact mathematical laws: and further, that this is the gen- 

eral law of bone architecture: the form of bone is adapted to its 
functions. 
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If the external form and inner architecture of normal bone 

represent the adaptation to normal function only, then altera- 

tions in the static demands made upon the bones must be fol- 

lowed by corresponding changes in both their internal and 

external structure. Such a transformation of structure would 

produce deformity if the changed static conditions were suffi- 

ciently large to produce a marked change of contour of the nor- 

mal bone, or to cause a displacement from the natural normal 

position. Such changes of contour or displacement from the 

normal must be regarded as a physiological adaptation of the 

structure to pathological mechanical conditions and therefore 

to ‘pathological function.’ 

The doctrine of the functional form of bone, with its coral- 

lary of the functional pathogenesis of deformity has been ably 
set forth by Julius Wolff. The foundation upon which this 

doctrine rests is the correspondence between the inner structure 

of the upper femur and the lines of stress in the Fairbairn crane, 

assumed to be of similar shape and loaded in a manner similar 

to that of the normal femur, the analysis of the crane having 

been made by the Zurich mathematician, Culmann. The mathe- 
matical foundation thus established by analogy alone, has been 

justly criticised on mathematical grounds so that it must be 

admitted that the proofs thus far brought forward to demon- 

strate the soundness of the mathematical basis of this doctrine, 

though suggestive, are not conclusive. 

Being struck with the novelty of the problem of establishing 

these mathematical relations, and impressed with the great 

importance of determining the facts by mechanical analysis of 

the femur by quantitative as well as qualitative methods, in the 

fall of 1913 I began the studies which have culminated in the 

preparation of this paper. 
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Object of this paper 

The object of the paper is the investigation of the normal 

femur as a mechanical structure: the analysis of its architecture 

on as strict a mathematical basis as possible: the determination 

of the quantitative relations that exist between structure and 

function: the study of the relation of external form and internal 

architecture: and finally the interpretation of the facts estab- 
lished by my analysis of the femur. 

‘ Historical 

The earliest mention of the mechanics of bone is accredited 

to Galileo (1638), who is said by Monroe (1795), to have made 

reference to the mechanical importance of the form of bone. 

Galileo had made very important discoveries in the applied 

mechanics of beams, which even now agree exactly with the 

most refined methods of analysis. 

Duhamel (1743), in a work on anatomy published descrip- 

tions of the inner architecture of various bones which were far 

from accurate. Loder (1805), published an atlas in which were 
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shown pictures of the inner architecture of many bones, includ- 

ing the tibia, femur and humerus. But evidently he understood 

little of the reasons underlying the arrangement of the cancelli 

as he describes the head of the femur as consisting of a reticular 

bony substance. 

Not until 1832 was the problem of the mechanics of the inner 

architecture of bone undertaken. In that year, Bourgery pub- 
lished an anatomy, illustrated by Jacob, in which the imner 

‘structure of the femur, tibia, humerus and other bones is deline- 

ated with wonderful accuracy. The illustrations are almost as 

accurate in detail as photographs, but the written descriptions 

and the interpretation of the inner architecture are very much 

in error. 

Ward (38), an English anatomist, seems to have been the 

first writer to grasp, even partially, the real significance of the 

over-hanging head of the femur and to see any relation between 

the external form and the arrangement of the cancelli within 

the bone. His conception of the arrangement of the cancelli | 

in the head of the femur was that they were arranged in straight 

lines to support the over-hanging load of the femur much as a 

load is supported by a derrick, where the vertical mast has a 

cable running from its top to the inclined boom at whose upper 

end the load is suspended. ‘The stresses in the cable are ten- 

sile and in the boom compressive: in like manner, Ward assumed 

that cancelli run from the axis of the shaft of the femur near the 

top horizontally, or nearly so, to connect with the sharply in- 

clined lines nearly vertical, that run from the articular surface 

of the head of the femur to end in the medial part of the shaft. 

Jefferies Wyman, an American anatomist, in a paper communi- 

cated in 1849, but not published until 1857, advanced the theory 

of the inner architecture of the femur considerably by analyzing 

the cancelli of the femur, as seen in frontal section, into three 

groups: a tensile group, rising from the lateral (outer) portion 

of the shaft and crossing high in curves to reach about the middle 

of the head of the femur; a compressive group, rising from the 

medial portion of the shaft and proceeding radially as straight 

lines upward to reach either the articular surface of the head, 
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or meeting the lines of the first system at an acute angle and 

stopping: the third system consisted of numerous short cancelli 

which bound the two preceding groups together. These obser- 

vations on the two first groups are correct and in general accord 

with the facts, but the description and explanation of the 

position and action of the third group is entirely erroneous. 

The earliest German writer on this subject seems to have been 

Engel (’51), an anatomist of Prague, who made remarkably 

good observations bringing out some points previously over- 

looked. He comments on the occurrence in the inner structure 

of the femur and tibia of the pointed arch, the elliptic arch in 

various combinations with vertical and inclined buttresses. 

But the significance of the various geometrical figures he so 

accurately described was never grasped by him. 

In 1858 the English anatomist, Humphry, published his ob- 

servations on the inner architecture of bone, contributing two 
very important additions to the knowledge of the inner structure 
of the head of the femur; that in the frontal section of this bone 

the lines of cancelli arising from the articular surface of the 

head are perpendicular to the articular surface at all points; 

that the two principal groups of cancelli intersect each other 

at right angles. The importance of these two observations was - 

not recognized for almost a decade, although upon them an 
important part of the theory of the mathematics of bone archi- 
tecture depends. 

In 1867 Hermann von Meyer demonstrated before a meeting 
of naturalists held at Zurich a collection of preparations of hu- 

man bones and discussed the significance of the arrangements 

of the cancelli in many of the bones. By chance it happened 
that Culmann, the great Zurich mathematician and engineer, 

attended the meeting and became much interested in the struc- 

ture of the bones. He observed that the cancelli of many of the 

bones were arranged in forms similar to those which he had 

computed as the lines of maximum internal stress in similar 
bodies or structures when carrying similar loads. This led to 

his calculation of the lines of maximum internal stress in a 

Fairbairn crane having a form which was assumed to approxi- 
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mate that of the upper fourth of the femur. Basing his caleu- 

lations upon this crane having no hollow spaces he found that 

the lines of maximum internal stress in this model had similar 

shapes and positions to the cancelli in the upper femur as shown 

in frontal section. The conclusion was that these cancelli lie 

along the paths of maximum internal stress within the bone 

and thus transmitted a maximum load in the bone with a mini- 

mum of material. This discovery of Culmann is the mathe- 

matical basis of the modern theory of the functional form of 

bone. 

Von Meyer (’67) published an article describing in great 

detail the inner structure of various bones together with Cul- 
mann’s discovery, but incorrectly described the intersections of 

the cancelli in the head of the femur as obtuse or acute and his 

illustrations show the cancelli rising from articular surfaces in 

nearly all cases inaccurately, at an acute or obtuse angle. 

Wolff (’69) improved on the technique of ‘his predecessors by 

using the ivory-worker’s saws for making extremely thin sec- 

tions of bone which were very easily photographed when placed 

against a dark back-ground. In this manner and with abso- 
lute accuracy the detailed structure of the bone could be repro- 

duced and studied. He emphasized the importance of the 
right angle crossing of the cancelli in the upper femur, which 

was first observed by Humphry, and called attention to the 

significance of the analogy between the directions of the cancelli 

of the upper femur and the tensile and compressive lines of 

maximum stress, as demonstrated by Culmann’s ealculations 

for the Fairbairn crane. 

Shortly after appeared a large number of studies and in- 

vestigations of the subject by numerous writers. It is impos- 

sible to review here all the valuable contributions and the ex- 

tensive controversial literature on the subject. Various writers 
took up in detail the study of the different bones almost alto- 
gether from a morphological point of view, rather than a mathe- 

matical or analytical one. Important work was contributed by 

Zaiijer (71), Wolfermann (’72), Aeby (’73), Engelmann (’73), 

Merkel (’74), Langerhans (’74), Bardeleben (’74), Dwight (75), 
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Bigelow (’75), Rauber (’76), Messerer (’80), von Meyer (’82), 

Humphry (’88), Lauenstein (90) and Wolff (91, ’92, ’96, ’99, 

00). 
Bardeleben in 1874 published a very careful and detailed study 

of the vertebral column which is admirably illustrated. Rauber 

(76) published his investigation of the elastic properties and 
the strength of bone as determined by the testing of slabs and 

prisms cut from various human bones. In 1880 appeared Mes- 

serer’s elaborate work on the strength of all the important bones 
_ of the body as determined by testing to destruction the entire 

bone. The work of Messerer is in close agreement, however, 

with Rauber’s work, and both constitute a complete demon- 
stration of the mechanical properties of bone as an elastic 

material. 
In 1892 appeared Wolff’s classic on the law of bone transfor- 

mation, in which he developed in final form his theory of the 

functional form of bone and the transformation of bone in nor- 

mal and pathological cases, and discussed in considerable de- 

tail the structural changes in bone due to changed static con- 

ditions. This work is abundantly illustrated with examples of 

many rare deformities, taken from the principal museum col- 

lections of Germany. Culmann’s mathematical analysis of the 
lines of stress in the Fairbairn crane, and the somewhat anal- 

ogous position of the trabeculae in the upper femur are cited by 

Wolff as mathematical proofs that the inner architecture of 

bone follows exact mathematical laws, and that the form and 

inner structure of bone is determined by the static conditions 

present in normal and pathological cases. This is supplemented 

by a detailed discussion of the museum specimens illustrating 

various deformities. 
Wolff’s doctrine of the functional form of bone and the func- 

tional pathogenesis of deformity have been vigorously assailed 

_on various grounds by many investigators, among whom may 

be mentioned Zschokke (’92), Lorenz (’93), Ghillini (98), Schede 

(92), Korteweg and Ritter (88). Zschokke insisted that the 

inner architecture of bone is designed for resisting only com- 

pressive stresses. Ritter presents the novel theory that the 
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curved trabeculae in bone are like the parabolic lines formed 
by the tiny jets of water which cross each other at random in a 

water-fall. Bahr (’97) on solely mathematical grounds, with- 

out respect to anatomy or clinical studies, denies that the femur 
acts as a crane at all, and asserts that ie Culmann analysis is 
entirely wrong! 

To enumerate all the more or less fanciful theories proposed 
to account for the form of the inner architecture of bone would 
be both tedious and confusing. In spite of the general accept- 

ance, at least in part, of Wolff’s doctrines, there is still strong . 

opposition to his theories of bone transformation and the func- 

tional form of bone, and the soundness of the mathematical basis 
of these theories has been assailed with numerous mathematical 

arguments. 

The development of Roentgenology has given a new interest 

to the subject of bone architecture, by permitting comparative 

studies of the inner architecture to be made upon the living in 
whom the transformation processes can be readily followed. 

Such studies made by Sudeck, Gallois and Bosquette (08), 

and many other investigators have tended to confirm the sound- 

ness of the doctrine advanced by Wolff, although all such stud- 

ies lack the precision required for the mathematical demonstra- 

tion of the theories under discussion. 

Additional work by Solger, von Recklinghausen (’93), Roux 

(80, 793, 796), Graf (94), Schmidt (98), Maas (01), and Fuld 

(01) tend to confirm, in a general way, the observations of 

Wolff. The work of Gebhardt (01) will be briefly discussed in 
another section. 

PART II. SUMMARY OF MATHEMATICAL PRINCIPLES 

Introduction 

A fundamental idea of mechanics is necessary to an under- . 

standing of the application of mechanics to the problem pre- 

sented in the analysis of the femur. It will be manifestly im- 

practicable to explain these principles of mechanics, which are 
applied to this problem, in great detail and only the essentials 
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that are universally accepted by mathematicians, engineers and 
scientists will be given. 

A clear understanding of the definitions and mechanical prin- 

ciples given in the following paragraphs, 7 to 53 inclusive, is 

indispensable in solving problems involving forces and stresses. 

Obviously, in a paper of this nature a discussion of mechanical 

principles must be brief and confined to the essentials. The 
interested reader can find a full discussion of the subject in any 
of the standard text-books of mechanics. 

Definitions 

1. Mechanics is that branch of dynamics that deals with the 

laws that govern the action of forces upon solid bodies. 

2. Statics is that branch of mechanics that deals with the 

laws and conditions of forces acting upon solid bodies at rest, 
as for example, bridges, buildings, arches and other structures. 

8. Graphic statics deals with the graphic representation of 

forces acting upon solid bodies at rest. 

4. Force is that action of one body upon another which tends 

to change, or changes, the state of rest (or motion) of the body 

acted upon. Force has direction, magnitude, and a point or 
place of application, and is defined when these are known. The 

line of action of a force is the line drawn through the point of 

application of the force, or through the point at which the force 

may be regarded as concentrated, parallel to the direction of the 

force. The usual unit in use as a measure of force is the pound 

(or ton, kilogram, etc.), which is the force exerted by gravity 

upon the standard weight also called a pound (or ton, kilo- 

gram, etc.). 

5. Effect of force. A force is the cause that may produce the 

following effects: a) an opposition or balancing of other known 
forces; b) change of motion of the body either in direction or 

velocity; ¢) a measurable distortion of the solid body itself. 

The second effect relates to the study of the laws of motion and 

need not be further considered; the first and third apply to the 
subject of statics. 
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6. Stress is the internal force which, when a body is acted 

upon by external forces, resists the change of position of the 
molecules of the body and tends to preserve their original 

position. Stress, like force, is measured in pounds (or tons, 

kilograms). 

7. Deformation is the change of shape which is produced by 
the action of equal but opposite forces and is measured in units 
of length—inches (feet or millimeters). The units, inch and 

pound, will be used throughout the following discussion. 

8. Unit-stress is the stress per square inch of cross section = 

total stress P. 

total area of cross section A 

: A _ alteration in length  d 
Unit-deformation is the ratio ——_...,__,,_ == 

original length € 

9. Compression (fig. 1, a, b, c) is the stress which tends to keep 

adjoining planes of a body from being pushed together by the 

action of two equal and opposite forces acting toward each 
other. Ifa vertical post of uniform cross section is supporting a 

load of 1000 pounds uniformly distributed over the surface of 

the top, for equilibrium there must be an internal force or com- 

pression in the post, equal to this load, or a compression of 

1000 pounds. 

10. Tension (fig. 1, d) is the stress which tends to keep adjoin- 

ing planes of a body from being pulled apart by the action of two 

equal and opposite forces acting away from each other. If 1000 

pounds is suspended from a rigid support by a steel bar of uni- 

form cross section there will be in every section of the bar an 

internal stress produced by this load: for equilibrium this stress 

or tension must be equal:to the external load—1000 pounds. 

11. Shear is the term applied to the stress (internal force) which 

tends to keep two adjoining planes of a body from sliding one 

past the other, under the action of two equal and parallel forces 

acting in opposite directions. ‘These forces that produce shear 
are called shearing forces and are usually very close together so 

that their action is similar to that produced by a pair of shears, 



LAWS OF BONE ARCHITECTURE 189 

hence the name. As an example of shear, in figure 1 e let B 
represent a block of an homogeneous material rigidly fixed in a 

vertical plane and resting between blocks A and C, as shown, 

with the left edge of A and the right edge of C in the same ver- 

tical plane. A vertical force, P, applied to B through the 
block A will be transmitted to block C by means of B and will 

develop in B a shear equal to the force transmitted. Shearing 

force is usually assumed to be uniformly distributed over the 

area of the cross-section upon which it acts. 

If a straight bar of homogeneous material be rigidly fastened 

at one and at the other a twisting force be applied, the condition 
of stress produced is called torsion. This is a special type of 
shearing stress. 

12. Elasticity is the property possessed by a material of- re- 

turning to its original dimensions and shape when the external 

forces producing distortion are removed. 

13. Elastic limit. Every solid body is elastic within certain 

limits, and the deformation produced in it is directly proportional 

to the force producing it and to the internal force resisting it. 

If the force producing deformation exceeds a certain limit the 

distortions will increase more rapidly than the forces; and when 

the load is removed the body will not entirely regain its former 

shape and dimensions, but will have a permanent set. The 
maximum unit stress up to which the deformation increases 

proportionally to the stress is called the elastic limit. This 

limit varies with the kind of material and the kind of stress, 

tension, compression and shear. 

14. Ultimate strength is the maximum unit-stress which .is 

reached previous to rupture when a body is tested to destruction 

(as in a testing machine). 

3s) ae : unit stress 
15. The modulus of elasticity is the ratio Ent etoraation! 

varies with the material and the kind of stress to which it is sub- 
jected. Generally the modulus of elasticity used is that for 

tensile stress, and is represented by the letter FH. 
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If P is the total tensile stress in pounds, 

A is the area of cross section in square inches, 
l is the original length of bar in inches, 

d is the total deformation in inches. 

then 

P 
unit stress A iP} 

unit deformation en 

iD 

In these units # is expressed in pounds per square inch. The 
modulus of elasticity is constant with very few exceptions for 

any given material for stress below its elastic limit, but after 

passing the elastic limit, it steadily decreases. Working unit 

Fig. 1 a illustrates the action of a compressive force applied in the axis of 

a given body: Fig. 1 6, the action of a compressive force applied at a slight dis- 

tance from the axial line and parallel to it: Fig. 1c, the action of a compressive 

force applied parallel to the axis of the body but at a distance of one-sixth of 

the width of the body from the axis, which produces a pressure in the base of the 

assumed prism varying uniformly from zero on the edge farthest from the line 

of action of the force to exactly twice the average pressure, at the opposite 

edge. Fig. 1 d shows the action of a tensile force on a body and figure 1 e illus- 

trates shearing action in a given body. Paragraphs 9, 10, 11. 

Fig. 2 Parallelogram of forces constructed for the graphic determination 

of the resultant of two forces acting at the same point, the direction and mag- 
nitude of both being known. Paragraph 17. 

Fig. 3 Action of levers, explained in paragraph 18. 

Fig. 4 Principle of moments explained in paragraph 18. Figs. 5 a and 6 

Principle of levers applied to levers of any shape, explained in paragraph 20. 

Fig. 5c Action of a couple, explained in paragraph 21. 

Fig. 6a Action of vertical shear in a cantilever beam. Paragraphs 24, 25. 

Fig. 6b Action of vertical shear in a simple beam resting on two supports. 

Figs. 7a and b A method of constructing graphic diagrams of the vertical 

shear and of the bending moment for every part of a cantilever, and of a simple 

beam, respectively, carrying a single concentrated load, P. Complete discus- 

sion in paragraphs 26-32. 

Figs. 8 a and b Indicate the position of vertical loads on a cantilever beam 

and on a simple beam and show a plane passed through the beams in the line 

t-t. Explained in paragraphs 29-33. 
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stresses, or stresses which the body may carry constantly or 

repeatedly without damage, should always be well below this 
limit. If the modulus of elasticity is known for a given material, 

it is easy to’ compute the deflections or deformations of beams or 
other structures when the forces acting upon them are given. 

Conversely, by measuring the deformations due to external loads 

the stresses in various parts of a structure may be determined. 

Composition and resolution of forces 

16. The resultant of two or more forces acting in the same plane 

is that single force which will produce the same effect as the 

combined original forces. 

17. The components of a force are those forces which by their 

combined action will produce the same effect as the original 

force. 

In figure 2 let AB and BC represent both direction and mag- 
nitude of ‘two forces acting through the point B. Through A 

and C if lines are drawn parallel respectively to BC and AB, 

intersecting in the point D, the diagonal DB represents the 

direction and magnitude of the resultant of the two forces AB 

and BC. To balance AB and BC a third force acting at B and 

equal to DB but acting in the opposite direction would produce 

equilibrium. 

18. Levers and moments. 'The simplest illustration of levers is 

the see-saw. In figure 3 is shown a simple lever supported by 

the fulerum f. For equilibrium it is evident that. if the weights 

W and V are equal, their distances from the fulcrum must also 

be equal. Also, if the weight W is greater than the weight V, 

the lever arm of W must be less than that of V; and this rela- 

tion must be such that W times its lever arm, m, or distance 

from the point of support is equal to V times its lever arm, n. 

That is, for equilibrium, W:m = V'n 

These products Wm and Vn are called moments and f is the 
center of moments. This conception of the lever and of mo- 

ments is one of the most important principles in mechanics. A 

force acting on a body tending to rotate it about a certain point 
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is said t produce a moment about that point, equal to the mag- 

nitude of the force (in pounds) multiplied by the perpendicular 

distance (in inches) from the line of action of the force to the 
point considered. The point about which the force tends to 

caus: rotation is called the center of moments. 

A general application of moments is shown in figure 4. The 

fowe F acts at a distance m, from the center of moments, A. 

The distance m, is called the lever arm. The moment of the 

force F about the point A is equal to / times m, the result being 

expressed in inch-pounds according to the units of force and 

length herein used. 
19. There may be any number of forces tending to rotate a 

body about a given point, either in the same or in the opposite 

‘direction. If the body is in equilibrium the total moment in a 

clock-wise (++) direction must be equal to the total anti-clock- 
wise (—) moment, otherwise rotation would occur. 

20. A lever may have any shape. Regardless of the actual 

length of the lever, the true lever arm is the perpendicular dis- 

tance from the center of moments to the line of action of the 

force. Figures 5 a and 6 illustrate this principle. 

21. A couple, in mechanics, is a system of two parallel and 

equal forces acting in opposite directions. If each of these 

forces is represented by F’, and the perpendicular distance be- 

tween them is m, the moment of the couple is F:m. A couple 

tends to revolve the body upon which it acts and equilibrium 

can be established only by a couple producing the same moment 
in the opposite direction. Figure 5 c illustrates the action of a 

couple. 

Theory of beams 

22. Reactions. Bending stress occurs in a bar resting in a 
horizontal] position upon one or more supports. The loads on 

the bar and its own weight cause it to bend and produce in it 

complex stresses and elastic deformations which may be re- 

solved into stresses of tension, compression and shear. 

Throughout this discussion of beams, paragraphs 22 to 42 

inclusive, it is assumed that the cross section of the beam is uni- 

form throughout its length. 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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23. If a beam rests upon fixed supports which sustain it and 

its loads, the forces acting through the supports and resisting 

these weights are called reactions. The reactions upwari bal- 

ance the loads downward. If the position and amount o% the 

loads carried by a beam are known it is easy to compute.the 

amounts of the reactions from the principles of equ'librium 

already considered. For equilibrium we must have: 

Algebraic sum of all forces = |) 

Algebraic sum of all moments = 0 

24. Vertical shear. A beam may fail by shearing in a vertical 

section as shown in figure 6 a for a cantilever beam, and in 
figure 6 b for a beam on two supports. This shearing is caused 

by two equal, parallel forces acting in opposite directions very 

near the same section. 

25. The vertical shear varies considerably at differ a sec- 

tions. It can be readily seen that the greatest tendency to shear 

is at the supports where the loads are transferred from the beam 

to the supports. Near the supports the vertical shear is equal 

to the reactions. By simple additions and the application of 

the laws of equilibrium the vertical shear at every part of a 

beam may be readily determined. 
26. Beams. Beams usually fail by cross-breaking or rupture 

transversely. Throughout Part II for simplicity, the weight of 

the beam itself will not be considered in the analysis. In figures 

7 a and 7 b the following notation is used: 

P = any concentrated load. 

= distance from right support to line of action of P. 

R, = reaction of cantilever, figure 7 a. 

R,, R. = reactions of simple beam, figure 7 b. 

n = distance from left support to line of action of P, in 

figure 7 b. 

Let figure 7 a represent a cantilever beam carrying a single con- 

centrated load P, applied at any point along the beam at the 

distance m from the support. The tendency of the load P to 

cause rotation about the point of support of the beam is meas- 

ured by the bending moment produced at that section. 
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If the load P is at the distance m from the support, the mo- 

ment about the support is P times m, which is the bending mo- 
ment at the support. At any point at the distance x from P, 

between the load P and the support, the bending moment is 

equal to P times x. These products vary uniformly from zero, 

at the point of application of P, to a maximum P'm at the sup- 

port. The amount of the bending moment at any point will 

be shown graphically, if the product P’ m is measured to suitable 

seale vertically downward under the point of support, and from 

a horizontal base line; then from the point on the base line 
under the point of application of the force P, a line is drawn to 

the ordinate erected under the support. The triangular figure, 
figure 7 a, thus drawn is the bending moment diagram. Sceal- 

ing the vertical ordinate between the base line and the last drawn 
line will give the amount of the bending moment for the section 

of the beam vertically above the ordinate. 

In figure 7, b is shown the bending moment diagram for a 

simple beam on two supports, carrying the load P. 

27. The vertical shear for the single load P on the cantilever 

remains the same for every section of the beam from the point of 
application of this load to the support. It is represented graph- 

ically to scale by drawing a line parallel to the horizontal 

base line, at a distance measured to any convenient scale, as 

one inch = 100 pounds shear. The diagram giving the values 

of the vertical shear at all points in the beam is called the shear 

diagram. Such a diagram is drawn for the cantilever and is 
shown in figure. 7 a. 

Figure 7 b shows a shear diagram constructed for the simple 

beam resting on two supports. 

28. Relation between internal stresses and external loads. Ali 

external forces acting on a beam maintain equilibrium by means 

of internal stresses produced in the beam by these forces. Since 
in any section of a beam the external forces produce bending 

moment and shear, the problem is to determine the relation 
between these and the internal stresses in any given section. 
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29. Take any beam loaded in any manner and imagine a ver- 

tical plane cutting the beam at any section ¢¢ as in figure 8, a, b. 

At this section there are in action unknown stresses of various 

directions and amounts. Suppose the beam separated into two 

parts by this plane, and let the forces X, Y and Z, equivalent 

to the internal stresses, be applied as shown in figure 8, c. Then 

the equilibrium of each part will be unaffected, for each part 

will be acted upon by a system of forces that are in equilibrium. 

380. From this we may deduce the fundamental principle that- 

“The internal stresses in any cross section of a beam hold in 

Pp” 

apo Cross SideViewof Beam “S 

Fig 8(c) | Z jection Fig. 6 (dd) 

Fig. 8c The three forces X, Y, and Z are indicated replacing the in- 

ternal stresses (forces) in action in these beams to produce equilibrium in each 

beam. The detailed analysis is presented in paragraphs 29-37. 

Fig. 8 d Cross section and side view of any rectangular beam. To the 

right is a diagram showing the variation in the intensity of the horizontal inter- 

nal stresses in such a beam. Explained in paragraph 38. 

equilibrium the external forces on each side of that section.’ 

This applies to all beams of whatever cross section or nature of 

loading. 

31. Considering either part of the beam, a system of forces in 

equilibrium is seen, to which the three necessary and sufficient 

conditions of statics for forces in one plane apply: 

Algebraic sum of all horizontal forces 0 

Algebraic sum of all vertical forces = 0 

Algebraic sum of moments of all forces = 0 
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32. Regardless of the intensity and direction of these unknown 

stresses, let each be resolved into its horizontal and vertical 

components. The horizontal components will be applied at 

various points in the cross section, some in one direction and 

some in the other: that is, some of the horizontal stresses will 

be tensile and some will be compressive. But by the first con- 

dition above their algebraic sum is zero. The vertical forces 

will be added and form a resultant force V, which by the second 

condition equals the algebraic sum of the vertical forces on the 

left of the section. This vertical force V acts in opposite direc- 

tions upon the two parts into which the beam is assumed to be 

separated, hence it is in the form of a shear. 

33. Laws of internal stress. From a consideration of the fore- 

going, the following laws concerning the internal stresses in any 

section of any beam may be given: 

1. The algebraic sum of the horizontal stresses is zero; the 
sum of the horizontal tensile forces is equal.to the sum of the 

horizontal compressive stresses. 

2. The algebraic sum of the vertical stresses forms a result- 

ant shear which is equal to the algebraic sum of the external 

forces on either side of the section. : 

3. The algebraic sum of the moments of the internal stresses 

is equal to the algebraic sum of the moments of the external 

forces on either side of the section. 

34. These laws are the foundation of the theory of the flexure 

of beams. Resisting moment is the term given the algebraic 

sum of the moments of the internal horizontal stresses with 

reference to a point in the section; ‘bending moment’ is the 

term for the algebraic sum of the moments of the external forces 

on either side of the section with reference to the same point 

(as for resisting moment). . 

35. ‘Resisting shear’ is the term applied to the algebraic sum 

of the internal vertical stresses in any section, and ‘vertical 

shear’ is the term for the algebraic sum of the external vertical 

forces on one side of the section. 

36. Laws of beams. The foregoing principle may be summa- 

rized into the following three laws for any section of any beam: 
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1. The sum of the tensile forces = the sum of the compres- 

sive forces. 

2. Resisting shear = vertical shear. 

3. Resisting moment = bending moment. 

37. Neutral surface and neutral axis. The above three theo- 

retical laws do not furnish sufficient data for the full study of 

beams. Experiment and experience show that when a _ hori- 

zontal beam deflects one side becomes convex and the other 

concave. It is shown that the tensile stresses are on the con- 

vex side where the fibers have been elongated and compressive 

stresses are on the concave side where the fibers have been short- 

ened. By experiment it is found that any two paralle] vertical 

lines drawn on the beam before bending, remain straight after 

bending of the beam; but are nearer together than before on the 
compressive side and farther apart on the tensile side. ‘These 

experimental laws may be stated: 
4. The horizontal fibers on the convex side are elongated, 

and those on the concave side are shortened, while near the 

center there is a neutral surface which is unchanged in length. 

5. The elongation or shortening of any fiber is directly pro- 

portional to its distance from the neutral surface. When the 

elastic limit of the material is not exceeded, the stresses are 

proportional to their changes in length; hence 

6. The horizontal stresses are directly proportional to their 

distances from the neutral surface, provided all unit-stresses are 

less than the elastic limit of the material. 

7. The neutral surface passes through the centers of gravity 

of the cross sections. 
In order to make clear the application of these principles in 

the analysis of beams, the following simple demonstration is 

given. 

38. Moment of inertia. In figure 8d let s = unit-stress on 

the horizontal fiber most remote from the neutral surface, at the 

distance c from the neutral axis. 

From the sixth law above : = unit-stress at the distance 

unity. 
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Then a = unit stress at any distance z from the neutral 

surface. Designating an elementary area by (Da) and its dis- 

tance from the neutral axis by z then the resisting moment of 
the elementary area (Da) of the cross section, is equal to Da 

times the unit-stress (2) on that area times the distance z from 

the neutral axis to this area or (Da) ze. Designating the 

resisting moment of a single elementary area (Da) by the symbol 

(DM,,), then 

S 
(DM,) = (Da) ere ike 

9 

SZ* 

= (Da) —, 

The resisting moment for all elementary areas may be similarly 

expressed. It therefore follows that the total resisting mo- 
ment for the entire area of the cross section will be the sum of all 

the resisting moments of all the elementary areas. This may 

be expressed by the following formula, in which = represents 

the adding together, or summation of all the resisting moments 

of the elementary areas, 

2 

Samiof all (DM) -= sum of all (Da) = 

Lea) 
mt c 

39. Since s and ¢ are constants for any given case the above 

formula may be written, 

Resisting moment of the section = : > (Da)-z? 

The expression > (Da).z? is generally called the moment of 

inertia of the section considered, and is usually represented 

by the symbol I. Hence, the sum of the internal moments ; I, 

must equal the sum of the external bending moments about 
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the section, and this relation is expressed by the following for- 

mula : I = M, in which the symbols indicate the following 

units: 

s, pounds per square inch; 

c, inches; 

M, bending moment in inch-pounds at section; 

I, biquadratic inches (= inches‘). 

40. By the use of this formula the maximum fiber stress may 

be found in any section of a beam, the cross section of which is 

bounded by straight or curved lines forming regular geometrical 

figures, provided the bending moment due to the external forces 

can be computed by the laws of equilibrium. 

By a graphical method to be described later the prinsigees 

just discussed may be applied without using the calculus for the 
determination of the moment of inertia. 

41. The section modulus of any cross section of a beam is the 

measure of strength of the resisting moment and is equal to the 

moment of inertia divided by the distance from the neutral 

surface to the outermost fiber in the cross section. 

Section modulus = : 

42. Summary. Summarizing this discussion of the moment 

of inertia, the power of any elastic body to resist the action of 

forces which produce compression or bending stresses depends 

upon the following factors: 

1. The physical properties of the material. 

2. The shape of the cross section of the body. 

3. The area of the cross section of the body. 

4. The magnitude and direction of the external loads. 

5. The manner in which the load is transmitted through the 

body. 

6. The manner in which the body is supported. 

Theory of column action 

43. Factors affecting strength. The essential principles in the 

mechanics of columns are of importance in this study and will 
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be very briefly considered. The strength of any column of 

homogeneous material of whatsoever shape or size is dependent 

upon the following factors: 
1. The materials of which it is built. 

2. The cross sectional area. 

3. The shape of the cross section. | | 
4. The ratio of the smallest diameter to total length of the 

column. 

These factors are to a certain extent interdependent. It is 

obvious that different materials will vary in strength depending 

upon their physical qualities. If all other factors remain un- 

changed, an increase in cross sectional area will give increased 

strength. 
44. The shape of the cross section is of the greatest impor- 

tance. For example, a flat piece of card-board of rectangular 

form, if placed in a vertical position will carry only a very small 

weight applied to the upper end without bending. But if this 
same card-board be rolled into the form of a hollow cylinder, 

with the edges fastened together, it will carry without bending 

many times the weight previously carried by the flat sheet, 

although there has been no increase in the amount of material 

employed nor in the height of the column or sheet. 

45. If the ratio of least diameter to total length of column is 

decreased, without decreasing the cross sectional area the stiff- 

ness of the column is reduced and its load-carrying capacity is 

reduced. In terms of mechanics the measure of stiffness of 

any column is expressed by the ratio of its length to its least 

moment of inertia. 

46. Determination of moment of inertia. In the case of irregu- 

lar cross sections such as are encountered in the bones, the 

determination of the moment of inertia can not be made by the 

integration formulas of calculus, but the methods of calculus 

may be applied graphically to the problem, and the moment of 

inertia of any section may be very closely approximated. 

47. For such calculation an accurate drawing (tracing) is made 

of the cross section whose moment of inertia is to be computed. 

Then the principal axes, which are the axes of greatest and of 
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least stiffness, are drawn. In most cases these are at right 
angles to each other and usually simple inspection will at once 

locate these axes, which intersect at the center of gravity of the 
cross section. Then a series of small squares are drawn or pro- 

jected over the cross section with their sides parallel to the 
principal axes. In the study of the femur these lines forming 

the squares were drawn at intervals of 3; inch, so that the 

area of each square is ;59 of a square inch. Then for each 

axis, a tabulation is made successively of the area of the cross 

section included between the adjacent lines parallel to the axis 

considered. Then each separate area thus found is multiplied 

by the square of the distance from the axis to the center of 

gravity of that particular area. Each product thus found is the 

moment of inertia of that area about the given axis. Each of 

the separate areas is multiplied by the square of the distance 

from the axis to the center of gravity of that particular area; 

and the sum of all these products is the moment of inertia of the 

cross section about that axis. 

48. Example. For example it is required to determine the 

moment of inertia about the two principal axes of a rectangular 

figure 1.0 inch by 1.2 inches. 
Let A—A and B—B denote the two principal axes as shown in 

figure 9. If the area is expressed in units of 3 inch squares. 

and the distances in terms of 3 inch units, it will siniplify the 

tabulations and the results may be accurately reduced to the 

usual units. 

In the particular case assumed above, the exact integration 

by the formula derived from calculus may be used, and the 

graphical calculation of the moments of inertia about the two 

axes checked. For a cross section of rectangular shape the 

—- where 0 is the breadth 

and h is the height or dimension of the section at right angles 

to the axis about which the moment of inertia is to be com- 

puted. Substituting in this formula we find for axis A—A, 
S) 

BE C-2) tg 4p Weenies: | By thesecaphical methods 

value of the moment of inertia is I = 

12 
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TABLE 1 

I FOR AXIS A-A I FOR AXIS B-B 

(a) @) @) (4) (6) o | @ 3) (4) 6) 
S s ge | Py g |< Sn le BS 
= qfe|aie.| & ee ay | 23.8 Bee as 
Be |e g (Stoel! . SEs Bo |g q | eaoe | a EP 
im a Paes) ° = = Ries! |e A 

Bees e oes) cay) feaer PoSe | eeee eee Sg | oS | age eq oy Hes) |S Ss. ler ele. es 258 
se | omg |ease| 38 | Bx | of | onZ |Be83| 38 | Ex 
Zz Z Qa 7) = a Z QA RQ = 

1 20 0.5| 0.25 5.0) 1 OA" ouay psoas 6.0 
2 20 135: he aenen 45.0| 2 24 linaleo unl) 2628 54.0 
3 20 2 5) 6.25) 15701! 3 DAW 2.5. le be25 150.0 
4 20 3.5] 12.25) 245.0) 4 DA |) (3.5) 112.25 294.0 
5 20 | 4.5| 20.25] 405.0] - 5 24 | 4.5 | 20.25 486.0 
6 20 5.5 | 30.25] 605.0) 6 24 | 5.5 | 30.25 726.0 
7 20 6.5 | 42.25) 845.0) 7 24 | 6.5 | 42.25| 1,014.0 
8 20 7.5 | 56.25] 1,125.0| 8 24 | 7.5 | 56.25] 1,350.0 
9 20 8.5 | 72.25] 1,445.0] 9 24 | 8.5 | 72.25] 1,784.0 

10 20 9.5 | 90.25] 1,805.0] 10 24 | 9.5 | 90.25] 2,166.0 
iB 20 | 10.5 | 110.25} 2,205.0 240 7,980.0 
12 20 | 11.5 | 132.25] 2,645.0 2 2.0 

240 11,500.0 480 15,960.0 
2 2.0 

| 

480-400 =1.20 sq. in. 23,000.0| 480-+400=1.20 sq. in. 15,960.0 
23,000 < 15,960 : 

= ———_____ =). 14375 inches! = —_—""—____ = 0) 09975 inches! 
20X 20X 20 20 20x 20X20 20 

axis A—A was found to be 0.14875 inches‘. ‘The error by the 
graphical method is 0.00025, or one part in 576. For axis B-B 

1.2(1)3 
12 similarly, [ = = 0.1000: the value of J by the graphi- 

cal method is 0.09975. The error by the graphical method is 

0.00025, or one part in 400. These slight errors are far inside the 

permissible error for mechanical design. 

49. Columns. Long slender columns tend to bend at the 
weakest cross section. If a column is rigidly braced against 

side movement at intervals along its length, its strength is 

greatly increased, because of the increase in stiffness, and the 

effect of such bracing is to make it in effect a series of short 

columns. 
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Horizontal shear in beams 

50. Effect of horizontal shear in beams. The common theory 

of beams considers only the tension, compression and vertical 

shearing forces acting in a beam. In addition there exists a 

horizontal shearing force tending to cause sliding or shearing in 

horizontal planes parallel to the longitudinal axis of the beam. 

The effect of these shears is seen in considering a cantilever 

beam loaded at the free end, the weight of the beam itself being 
neglected. A®small amount of bending will take place in ac- 

C6inch | O6inch 

Fig. 9 Manner of subdividing any plane figure for the purpose of computing 

the moment of inertia, without the use of calculus formulas. Tabulations are 

given in table 1, explained in paragraph 48. 

cordance with the relative stiffness of the beam. Figure 10, a 

shows such a beam, the dotted lines indicating the bending due 
to the load P. The amount of the bending is a maximum at 

the point where the load is suspended, and as the support is 

approached, the bending diminishes until it reaches a minimum 

of zero at the support. 

If a beam having the same dimensions as the one just discussed, 

is considered, but in which horizontal cuts have been made 
through the beam, separating it into a number of thin strips 

as in figure 10, 6b, it is evident that the amount of bending in 

such a loaded beam will be much greater. This is because the 
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stiffness of the beam has been reduced and each thin strip slides 
over the adjacent strip when the beam is Joaded, as shown in 

figure 10, c. In the solid beam the stiffness is greater than in 

the beam of the same dimensions composed of a number of 

separate thin strips. This increased stiffness is due to the 

cohesion of the fibers which prevents the sliding of adjacent 

sections past each other. But the tendency of adjacent sections 

to slide is present and causes horizontal shearing ¢stresses in 
every horizontal plane of the loaded beam. 

(c) y 
Fig. 10 Manner in which a vertical load produces horizontal shearing stresses 

in a loaded cantilever beam, explained in paragraph 40. 

From the application of the laws of equilibrium, the theory of 

beams and by the aid of the differential calculus the amount of 

the horizontal shear in any beam is given by the following 

formula: 

V c 

Sis >), (Da) .z 
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in which V = Total vertical shearing force at section. 

I = Moment of inertia of the cross section. 

t = Thickness of the plane on which shearing takes 

place. 

(Da) = an infinitesimal elementary area. 

z = Distance of the shearing plane from the neutral 

surface in any section of beam. 

c = Distance from neutral axis of beam to outermost 

fiber of beam. 

pay = Sign of summation of all products for all values of 

z between c and 2, as limits. 

S, = Intensity of horizontal shearing force in pounds 

per square inch. 

The expression SS (Da). z is usually spoken of as the statical 

moment of the given cross section. It is the summation of all 

the products of the separate elementary areas by their respective 

distances from the neutral axis, for the area lying between two 

lines distant ¢ and z, respectively, from the neutral axis. 

The formula above given may be simplified to the following: 

ba 
in which 

V = Total vertical shearing force at section. 

A = Total area of cross section. 

@ = Factor by which the average vertical shear over the 

section is to be multiplied, in order to obtain the 

actual horizontal shearing force at the section. 

Q Bi. ao 

rt 

in which a, = area lying above the plane on which the horizontal 
shear is to be computed. 

c¢, = distance from neutral axis to the center of grav- 

ity of the area, a. 

ei Moment of inertia of section i a 

Total area of section A 

width of plane on which the horizontal shear is 

to be computed. 

o 
I 
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The successive sections of bone which will be studied are of 

such irregular shapes that the formulas of calculus can not be 

employed directly for the computation of the horizontal shears. 

For this reason graphical methods will be used which will give 

an accuracy within 1 per cent of the absolute values. 

51. Computation of horizontal shearing stresses. To illustrate 

the methods that have been employed for the determination of 

the horizontal shearing forces, the computations in tabular form 

200008 RRGee? = eesnee es ae = 
PEE sceeeeeeuenes: Ba ro 
GeoneEraneosoes 

B 

Fig. 11 Circle two inches in diameter, subdivided into strips = inch wide 

for the purpose of computing the shear factors by which the average vertical 

shear is multiplied, to give the value of the horizontal shearing stress at any 

given point in a beam of circular cross section. See paragraph 41. 

are presented for a circular cross section 2 inches in diameter 

(fig. 11, and table 2). Two axes at right angles are drawn 

through the center of the circle in figure 11. Then a series of 

lines is drawn parallel to axis A—A at intervals of 4 inch, and 

a second series is drawn at right angles to A—A, thus dividing 

the area above A—A into squares whose sides are 2; inch long. 

The strips are numbered in order from the axis A—A, the first 

being 1, and so on, as shown in column 1, table 2. In column 

2 are given the areas of the successive strips. Column 3 gives 
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the distance from the axis A—A to the center of gravity of each 

strip. Column 4 gives the product of each area by its distance 

from the axis. Column 5 gives the static moment of all the 

areas that lie beyond the strip, opposite which the static mo- 

ments are tabulated. Column 6 is the width or thickness of the 

shearing plane as scaled from figure 11. Column 7 gives the 

TABLE 2 

Computation of shear factors, Q, for a circular cross section, 2 inches in diameter 

(1) (2) (3) (4) (5) (6) (7) (8) 
Static 

moment = thick- Q = coefficient 
Distance 

Areaof strip] from neu- Static mo- 
No. of strip|’- F s ment of ; 

pace "| igtaehe saeco EDGE? | Spm | shee |= 1004 | Serene 
1/20 inch yay eae (1/20 inch) is e plane 5 + col. 7 

0 5286 40.0 4000 13322 

1 40.09 0.5 20 

2 39.75 1.5 60 5206 39.75 3975 1.312 

3 39.50 2.9 99 

4 39.25 3.5 137 4970 39.00 3900 1.276 

5 38.75 4.5 175 

6 38.25 5.5 210 4585 38.00 3800 1.206 

a Bil ss 6.5 245 

8 36.75 7.5 276 4064 36.25 3625 1.122 

9 BO 8.5 304 

10 35.00 9.5 333 3427 34.25 3425 1.001 

11 33.19 10.5 354 

12 32.25 15 371 2702 32.00 3200 0.843 

13 31.00 1725) 387 

14 29.25 13.5 394 1921 28 .00 2800 0.687 

15 27 25 14.5 395 

16 25.00 15.5 387 1139 24.00 2400 0.474 

17 22.29 16.5 367 

18 19.75 Leo 348 424 18.00 1800 0.236 

19 14.25 18.5 263 

20 8.25 19.5 161 0.00 0.000 

products of 72, a constant for a given cross section, by ¢; for a 

circular cross section r? = d?/16. If d (the diameter) is ex- 

pressed in twentieths of an inch, we have r? = 402/16 = 100. 

Hence r?t = 100¢. Column 8 gives the values of Q, the factor 

by which the average vertical shear at any cross section must 

be multiplied to give the amount of the true horizontal shear 
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at the given point. These values of Q hold for any circular 

cross section. As the eross section is symmetrical about A—A 

(fig. 11) the factors Q are computed for only one-half of the 

cross section. 
A similar application of the theory of horizontal shear will be 

made for various cross sections of the femur to be taken up in 

a subsequent section. 

52. Vertical shearing stress. The true vertical shearing stress 

at any point in a beam acts at right angles to the direction of the 

horizontal shearing stress, and has the same numerical value. 

53. Lines of stress in beams. In the preceding section it was 

shown that at any point in a beam there is a horizontal and a 

vertical shearing stress, S;, the formula for which was also 

given (50, p. 206). 
At the same point there is also a longitudinal compressive or 

tensile unit stress, S, which can be computed from the beam 

formula, S = Mc/I, and the principle that these longitudinal 

stresses vary in proportion to their distances from the neutral 

axis. 

It can be shown that these unit-stresses combine to produce 

maximum and minimum normal stresses on planes at right 

angles to each other, and maximum shearing stresses on the 

planes that bisect these planes. 

From mechanies it is found that the angle 0, which the direc- 

tion of a maximum or minimum normal tensile stress makes 

with the neutral surface is given by the following formula, 

38 
cotangent 20 = —— 

S), 

and the magnitude of this tensile stress is given by the formula, 

8, = BS + 4) Si + GS) 
If the minus sign be placed before the radical, this formula 

will give the amount of the compressive stress at right angles 

to the maximum tensile stress at the same point. 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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In the above formulas 

S, = normal tensile stress (maximum or minimum). 

S; = horizontal shearing unit-stress. 

S = longitudinal tensile unit-stress. 

‘he same formulas may be applied to the determination of the 

magnitudes and directions of the maximum or minimum normal 

compressive stresses. 
\ Ne N \ 

N Neutral Axis 

\ | \\\ Halla. 

x 
\ 

\\ a 
\ \ 

\\ \ \ re) Upport 

Fig. 12 a Typical paths of the lines of maximum stress in a cantilever beam 

of same over-hang and average size as femur analyzed in Part III. (See figure 

14.) ; 

Neutral Axis 

Fig. 126 Typical paths of the lines of maximum stress in beams on two 

supports. 

By the use of these formulas the magnitudes and directions of 

the maximum and minimum tensile and compressive stresses 

may be computed for a large number of points in the beam, and 

then curves may be drawn showing the paths of the maximum 

tensile and compressive stresses throughout the length of the 

beam. 

Figure 12 6 is a side view of a simple beam resting on two 

supports, for which a number of the lines indicating the direc- 

tions of the maximum tensile and compressive stresses have 

been drawn. The lines of maximum compression are shown as 
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solid lines and those of maximum tension are indicated by 

dotted lines. Figure 12a is a similar drawing to represent the 

lines of maximum stress in a cantilever beam; the same notation 

is used in both figures. 

The lines of maximum stress shown in figure 126 exist in every 

loaded beam on two supports; while in loaded cantilever beams 

somewhat similar lines also exist. The direction of the lines 

depends somewhat on the manner in which the loads are applied 

to the beam, and the amount of these maximum stresses, of 

course, varies with the amount of the load. The general for- 

mulas given for the determination of the amounts and directions 

of these maximum stresses hold true for all beams. The inter- 

nal strength of the beam must be exerted in the paths of these 

maximum stresses in order to oppose and balance them. There 

is an infinite number of these lines of stress, of which those 

drawn in figs. 12a, b are only a small part, but whose shape and 

position is characteristic. The cohesion of the fibers of the 

beam, its shearing strength and its resistance to compression 

and to tension combine in the beam to resist the maximum 

stresses acting in these peculiar curved paths. The beam 

would act a great deal more efficiently if the material were 

laid down in curved lines pursuing the same paths as the lines 

of maximum stress: in this manner considerably less material 

would be required to support the same external load. 

In Part III, the lines of maximum tensile and compressive 

stress will be drawn in a similar manner in the femur, after com- 

putation of their magnitude and direction, by applying the 

principles and methods of mechanics discussed in this section. 

Properties of bone 

In order to investigate the structure of bone from a mechani- 

cal point of view, it is necessary to determine the physical prop- 

erties of this material and to have proof that it obeys similar 

laws to those that obtain for other materials such as wood, iron, 

steel, concrete, etc. 

Through experiment and the testing of sections of animal and 

human bones in testing machines it has been fully demon- 
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strated that they act as other elastic materials (wood, steel, etc.) 

and therefore the same laws of mechanics may be applied to 

their study and the determination of their strength. 

Rauber (’76) has made very complete studies of the behavior 

of sections cf bone taken from various parts of the skeleton, by 

testing them in various ways to determine the ultimate stresses 

that small sections actually develop. 

1. Specific gravity. Hiilsen (98) gives the specific gravity of 

fresh, compact human bone from 1.507 to 2.024. 

Rauber gives the specific gravity of fresh compact bone of 

femur and tibia as follows: 

Manis eyears-0ldes...ccnsmtuae sevaerieetts Scho ign scat dlghto cee eee 1.901 

Wienian 26; yearsnoldin. Sam omer ns eee cil ee aces svete arias Sateen 1.825 

Calitiys OO eer ci en sorte lante ete eee (oe Re ame RRC are goes uN Nee hari ete cae eee 2.101 

EX DOU evel ict eee Eocene ote ren e c.clnict bhai ced aad Me Mic ae oreo: cipemeat nk ic UL! 

GS RES Sega oar ease yas eee ee ete eae ea i 1.889 
ID onmesticth Oo are ha eee a cia nee ete Coco Rete eee 1.965 

IW Un ees = eecicge sesetiacgare ats ed RRO eens -eal SoCo aoa Re OR ER OU 

He also gives the specific gravity of fresh spongy bone from 

the human femur head, 1.197. 

I have made experiments carefully on sections of compact bone 

from the shaft of human femurs as found in the dissecting room, 

which gave variations from 1.915 to 1.990 in a series of 17 speci- 

mens, with an average of 1.955. These figures are based on 

bone from which the marrow, blood and other non-osseous ma- 

terial had been removed by boiling and then air drying for a 

number of days. 

2. Tensile strength. The ultimate tensile strength of fresh, 

normal, compact, human bone is variable between 9.25 and 

12.41 kilograms per square millimeter, or in English measure 

from 13,000 to 17,700 pounds per square inch, according to 

Rauber’s tests. Hiilsen (98) gives the ultimate tensile strength 

of similar bone as 10.40 to 10.56 kilograms per square milli- 

meter or from 14,750 to 14,980 pounds per square inch. 

3. Compressive strength. The ultimate compressive strength 

of such compact bone is variable from 12.56 to 16.85 kilograms 

per square millimeter, or from 18,000 to 24,000 pounds per 

square inch according to Rauber’s tests. Hilsen gives as the 
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ultimate compressive strength of similar bone 18.95 kilograms per 

square millimeter, or 26,850 pounds per square inch. 

The disproportion between the strength of compact bone in 

tension and in compression seems to be general among the verte- 

brates, as indicated by the following data, by Rauber: 

ULTIMATE STRENGTH 

RATIO 

Tensile Pobre: 

Rresnvcompact DONE, MINe ! wwoy see ses oc ey eee al 16.85 0.73 

Eresh, compact bone, bullock: ie. 7. <2. i le 11.46 13.31 0.86 

BEesn "COMmpact WOME, sGalios tach). cee ae Seis aye 8.93 12.26 0.73 

ried’ Compact bones NOG: Wop cee: 32 hays we lererc eee es 7.30 1.7 0.62 

Dried; compact bone, wild hog......-...........:|° 10°29 14.71 0.70 

Figures are in kilograms per square millimeter. 

4. Shearing strength. The shearing strength of compact, hu- 

man bone at right angles to the long axis of the bone is 11.85 

kilograms per square millimeter, or 16,800 pounds per square 

inch: the shearing strength of such bone parallel to the long axis 

of the bone is 5.03 kilograms per square millimeter, or 7150 

pounds per square inch (Rauber). 

5. Modulus of elasticity. Rauber gives the modulus of elas- 

ticity of fresh, compact bone of the femur of a 46-year old man 

as 1982 to 2099 kilograms per square millimeter, or 2,820,000 to 

2,980,000 pounds per square inch. He also gives as the modulus 

of elasticity for compact bone of the human tibia 1871 to 2041 

kilograms per square millimeter, or 2,420,000 to 2,910,000 

pounds per square inch. 
6. Torsional strength. The ultimate torsional strength of 

compact bone varies, according to Rauber, from 4.0 to 9.3 kilo- 

grams per square millimeter, or from 5700 to 13,300 pounds per 

square inch. The ultimate torsional strength per square inch 

for timber is 2000, cast iron 30,000 and steel 65,000 pounds 

per square inch. 
7. Comparison of bone with other materials. The subjoined 

table giving the strengths of various building materials, is de- 

rived from the figures published in standard structural hand- 

books. The figures for the strength of human tissues is derived 

from Rauber’s work. 
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Strength of bone compared with other materials 

Wena ic rein] wie keneneys ULTIMATE STRENGTH. 
Ne Oly ise SQUARE INCH 

SUBSTANCE POUNDS| ELASTICITY 

PER TENSION 

paca coM ae on| Tension ieee Shear 

Te hil OWE ES Geeee gd bo a 490} 3,0000,000) 130,000) 120,000) 50,000 

Medium steel......... 490} 30,000,000} 65,000) 60,000) 40,000 

Wrought iron......... 480} 28,000,000} 50,000) 55,000} 40,000 

@asturoneeeeseee er 450} 15,000,000) 25,000) 90,000) 18,000 

Platinum sees eee laee 48,000 

Siler: aust cater te: 657 41,000 

Goldice sate ate 1,208 38,000 

BRONZE sa sree eee 500 30,000} 53,000 

Biss, WONisocoensedee 506 9,000) 52,000 

Brass, lovee ts.ches 548 32,000} 120,000 

COpDer casoeey tooo 562 28,000} 42,000 

TN le ae eas fs RN 443 5,400} 22,000 

ADT OWE teeth cic, tonee eo roetaere 457 3,500 6,400 

JUNG et, diy seco epee 706 7,000 

Gramitexackmecn cance. < 170) 7,000,000 1,500} 15,000} 2,000 

Ihimestonesse se eee 170|. 7,000,000 1,250 6,000} 1,000 

Samad stones.) a2 cae 150} 3,000,000 750 8,000} = 1,500 

BAe) coed, es ear eee Se 125} 2,000,000 4,000) 1,000 

Concrete 1, 2; 4....... 150} 2,500,000 300 3,000 

Organic materials: 
Oakenwiitesnrrs- 46| 1,600,000) *12,500} *7,000;  *800 

72,000) 2,000} 74,000 

Pime wyellow: v2 sac ce 44} 1,500,000} *12,000) *7,000)  *600 
+600} 41,400) +5,000 

Pine swibtte: 5 xa: 2: 30| 1,000,000} *7,000| *5,500) *400 

7500 7800} 2,000 

Compact bone (low).. 119} 2,900,000) *13,200} *18,000)+11,800 

Compact bone (high). *17,700| *24,000|} *7,150 

Human tendon....... 9,850 

Human ecartilage...... 2,250 3,900 

Rib ecartilage..... 240 2,250 

Nerve.... Ai ee hone 1,300 

ATGCIy oe Sas cee er a 230 

Vein. See 180 

Miuseles. 5... seem hole 77 

INO tage ononnoide taro 17,000 

POUNDS PER 
SPECI- 
FIC 

GRAV- 
Modulus | rry 

of rupture 

100,000] 7.9 
60,000) 7.9 
50,000) 7.6 
35,000| 7.2 

102 < 

=a 

ies ite | Oo CO OO coo © 

one Ow uo 

— wowie 

7,200] 0.73 

7,200) 0.70 

4,200) 0.48 

Leon 

* Indicates stresses with the grain, i.e., when the load is parallel to the long 

axis of the material, or parallel to the direction of the fibers of the material. 

+ Indicates unit stresses across the grain, i.e., at righNangles to the direc- 

tion of the fibers of the material. 

214 
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PART III. THE MATHEMATICAL ANALYSIS OF THE FEMUR 

Introduction 

The work of Wolff in developing the theory of the functional 

form of bone has been of immense value and marks a great 

advance in the surgery of the bones. His theory was based 

on the study of the femur in great detail, the anatomical rela- 

tions being carefully described, and the deductions based on the 

normal structure were supplemented by a large number of path- 

ological specimens of bone which were considered in much less 

detail than the normal femur. 

1. The Culmann model. The foundation for his whole theory, 

however, was the mathematical analysis which Culmann made 

of a model of the head and neck of the femur. This model 

(fig. 13) had a circular cross section and the diameter varied 

gradually from a maximum at the head to a minimum in the 

shaft as shown. The analysis of this model was made for a 

load of 30 kilograms placed on the head which acted in a direc- 

tion parallel to the shaft. The lines of maximum stress in this 

model were calculated on the supposition that the model was 

a solid body. Under the assumed conditions the analysis of the 

lines of maximum stress in the model is correct. But it must 

be pointed out that the assumed model does not resemble the 

normal femur, except remotely, and therefore the assumption 

that the lines of stress in the model explain the position of the 

trabeculae in the head of the femur is not warranted. 

2. Mathematical objections to Culmann’s conclusions. With- 

out disparagement of Wolff’s or Culmann’s work the following 

objections may be fairly urged against the soundness of their 

mathematical analysis of the head of the femur: 

1. Only a small part of the femur was analyzed and the rela- 

tion of this part to the whole bone as a structure was not shown. 

2. The direction in which the assumed load on the femur 

acted was taken parallel to the shaft of the femur. This point 

will be considered in greater detail under the heading, Loading, 

in Part III. c 
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OO . The model of the femur on which the analysis was made 

was of such a shape that the large mass comprising the greater 

trochanter was entirely omitted. 

5. The mathematical analysis of the model, although strictly 

correct for the model, can not be accepted as holding true for the 

[ Fig. 13 Culmann’s model of a Fairbairn crane, with the lines ofginternal 

stress computed for a load of 30 kilos as shown, 

femur which has a decidedly different shape from that of the 

assumed model. 
6. The quantitative relations between the load and the areas 

of the cross section of the femur have not been determined. 

I believe that the foregoing objections are largely responsible 

for the rejection of Wolff’s theories by some investigators and 
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the misinterpretation of the true significance of the inner struc- 

ture by many others. 

The basis of a mathematical analysis of the femur 

Freiberg (02) has urged that to establish a satisfactory 

mathematical proof of the mechanics of the femur ‘‘we must 

know every possible stress to which the bone is to be submitted 

under normal conditions, and these stresses must be expressed 

in figures.’ This statement may appear fair and logical but 
it demands an excessive amount of evidence. No engineering 

structure of even the greatest magnitude would be designed in 

accordance with the strict requirement above quoted, that every 

possible stress must be known. Inthe development of any 

structural design the object sought is to compute the maximum 

effects of all loads to be carried by the structure, and the vari- 

ous combinations of these forces which could be in action at one 

time to produce maximum effects. But no attempt is made to 

consider the effect of every possible stress. 

For example, in the design of a railroad bridge the general 

outline or skeleton form of the structure is assumed; then the 

stresses are computed in each part of the structure which are 

produced by the dead weight of the structure (which must be 

assumed), the live or moving load that produces maximum 

effect, the weight of snow, the effect of impact due to rapidly 

moving loads, and the force of the wind. These stresses are 

computed separately for each factor causing stress and then the 

maximum. stresses in each part are determined by adding to- 

gether the stresses caused by the combinations that obviously 

can or may act simultaneously on the structure. Then each 

part is proportioned to safely carry the maximum stresses that 

occur in it, under the assumed conditions. 

But were we merely striving to determine if a certain struc- 

ture were designed in accordance with the principles of me- 

chanics the procedure would be reversed. The form of the 

structure would be known and its dimensions in every part. 

The stresses produced by the dead weight of the structure 
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could be readily calculated from the principles of mechanics. 

A comparison of the stresses produced by the dead load with 

the strength of each part of the structure would show in prac- 

tically every case a fairly close agreement, or parallelism, which 

would be conclusive that the parts were proportioned in accord- 

ance with mathematical laws. Further study of the design 
would show the amount of moving load, ete., that could be safely 

applied to the structure. 

In the femur the body weight in the standing, walking or 

running positions produces preponderant stresses, which are 
much greater in magnitude than normally may be produced by 

the muscles alone. For example, in walking it will be shown 

that the maximum stress in the neck of the femur is 2098 pounds 

per square inch and in running it is 4192 pounds per square 

inch in the specimens analyzed in this paper. As the ultimate 

strength of muscle is about 77 pounds per square inch and it 

has practically no compressive strength, it is evident that the 

role of the muscle as affecting the inner architecture of the 

femur must be secondary to that of the static loads transmitted 

through the femur-head due to the superincumbent body weight. 

As the mechanical effects produced by the body weight acting 

through the femur-head are undoubtedly far greater than those 

normally due to muscle action, the structure of the femur must 

be designed to resist these maximum stresses due to body 

weight. 

For these reasons, in this study no attempt will be made to 

analyze the effect of various muscles, or combinations of muscles, 

as affecting the inner architecture. A more detailed discussion 

of such effects is given in a subsequent paragraph (p. 224). 

The mechanism of human locomotion 

The modern views of this subject began with the publication of 

Borelli’s classic (1681). Little further progress in the study of 

human locomotion was accomplished until the appearance of the 

epoch-making work, Die Mechanik der menschlichen Gewerk- 

zeuge, by the Weber brothers in 1836. Their ingenious and 
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original researches firmly established the mechanism of muscle 

action upon a firm scientific foundation. Improvements in the 

methods of study have been produced by the extended use of 

graphics and the development of instantaneous photography. 

Carlet (72) and Marey (72) developed graphic methods of 

great value and the study of successive phases of movements in 

man by instantaneous photography, first applied by Muy- 

bridge: (87), and later by Marey (’94) and others, have pro- 

duced very valuable results in the study of human locomotion. 

The Webers have shown that in both walking and running the 

body is thrown forward by rhythmic and alternating muscle con- 

tractions, chiefly of the lower limbs. In walking one foot is 

always in contact with the ground, but in running after one foot 

has touched the ground the body is projected into the air for 

a brief interval and the succeeding contact with the ground is 

made with the other foot. 

In walking the step begins with placing the foot on the ground, 

the foot and the knee being in moderate flexion, the weight of 

the body falls on the heel of the forward foot and at the same 

instant the great toe of the other foot is in contact with the 

ground. At the next instant, through the action of the muscles 

of the lower leg additional pressure is applied through the 

great toe of the foot behind and the body is thrust forward. 

Then the foot behind is drawn forward and flexed simultaneously 

and swung forward to pass the loaded foot. Just as the swing- 

ing foot passes the loaded foot. the weight of the body is trans- 

ferred to the ball of the foot and just before the swinging foot 

touches the ground the weight on the loaded foot is transferred 

to the great toe. As the forward foot strikes the ground the 

weight of the body is borne by the great toe of the rear foot and 

the heel of the forward foot, and a sudden thrust from the great 

toe propels the body forward and the rear foot rises from the 

ground. The greatest pressure on the ground occurs when the 

thrust is given by the great toe of the rear foot, and the amount 

of this maximum pressure as determined by Carlet with ex- 

ploring shoes which communicate the pressure on the foot through 

tambours, which automatically recorded the pressures, is a little 
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greater than the body weight but never exceeds 44 pounds. 

Most of this increment of pressure above the body weight must 

be produced by the muscles of the lower leg and foot and there- 
fore no account of it need be taken in the analysis of the stresses 
in the femur due to walking. 

In running there is greater extension of the leg and the forward 

inclination of the body is greater than in walking. The succes- 

sion of muscular movements in running is essentially the same as 

in walking but there is greater intensity of muscle action and 

the phases differ greatly in relative duration. While the body 

is suspended in the air between the periods of contact with the 

ground, both legs swing forward one behind the other. As con- 

tact is made with the forward foot the other swings past and 

there succeeds a quick forward thrust of the foot behind and then 
for a brief interval the body is in the air. The duration of the 

contact of the foot with the ground is shorter in running than in 

walking and the greater the force of contact the shorter the time 

of contact. The length of time the body is in the air is variable, 

increasing slightly with the speed of running. 

Marey (’82) has shown that the maximum vertical rise in 

the position of the body occurs just as one foot reaches the 

ground. When running the leg bearing the weight is flexed 

about 30 degrees at the knee and the body is flexed at about the 

same angle at the hip according to the chronophotographic 

plates of Marey. No exact figures have been thus far published 

giving the relation of the maximum pressure to the body weight 

in running, but it is certain that the maximum effect must be 

produced shortly after contact has been made by one foot. An- 

other factor to be considered is the tendency to cushion the 

impact of the foot as it strikes the ground in running. ‘This 

effect is produeed hy the flexion at hips and at the knee of the 

loaded leg as described above, together with the sudden tens- 

ing of ligaments and muscles as the impact between foot and 

ground occurs. The action in some respects is very similar to 

that of certain types of shock-absorbers used on automobiles. 

In the absence of absolute values of the amount of pressure 

produced by the sudden contact of the foot in running, it ap- 



LAWS OF BONE ARCHITECTURE ave | 

pears entirely rational to consider the effect to be the same as 
a load equal to the body weight applied suddenly to the foot. 

The mechanical effect of a suddenly applied load is exactly 

double that of a static (stationary) load of the same amount. 

That is, the stresses produced in a structure by a load, of say 

100 pounds, suddenly applied, will be as great as those produced 
by a static load of 200 pounds. 

Obviously the stresses in the femur due to running wil’ be 
greater than those due to walking. In running or in walking 

the actual weight carried by the head of the femur which is 

loaded, is the body weight less the weight of the loaded leg it- 

self (20 per cent of the body weight) or a load equal to 80 per 

cent of the body weight. The effect of running is to produce 

stresses in the femur equal to those produced by twice as great 

a static load as the weight borne on the femur-head. Hence 
the stresses in the femur due to running are those produced by 

a static load of 160 per cent of the body weight. This will be 

considered in later paragraphs discussing the factor of safety 

in the femur (p. 274). 

Material studied 

A preliminary study of the architecture of the femur and 

other bones was made, utilizing femurs and other material from 

the dissecting-room. This work yielded considerable informa- 
tion as to the planes in which sections should be cut in order 

to show most clearly the essentials of the inner architecture 

of the bones studied. Some 25 or more femurs were studied in 

this manner, but as nothing definite was known regarding the 

subjects, state of health at death, body weight, etc., no detailed 

quantitative analysis of such specimens was undertaken. 

If quantitative relationships are to be established between 

bone structure and body weight, the specimens analyzed must 

be those which represent conditions that obtain in the normal, 

healthy individuals. The femurs finally obtained for such a 

study were those of an active, healthy American negro who 

had been killed accidentally. This subject was a large-framed, 

well-nourished laborer, about 35 years old, six feet in height 
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and weighed 200 pounds. At the time of death he was in 

splendid physical condition. 

It is evident that the inner architecture of the femurs from 

such a subject truly represents the structures in the normal 

living individual. For this reason, it is believed that the data 

derived from this study represent the true quantitative rela- 

tions and actual mechanical conditions that exist in the nor- 

mal individual. It is recognized that individual variations 

occur, depending upon age, sex, occupation, body weight, etc. 

The data derived from the study of a single specimen are 

always subject to the criticism that it was unusual in some 
respect. In order to be as certain as possible that the shape and 

general arrangement of the inner architecture of the specimens 

analyzed were not exceptional, they have been compared with 

about 30 femurs obtained from the dissecting-room. From 

such comparison of the general form of the bone and of the 

inner structure of various longitudinal and cross sections made 

through similar planes in the specimens examined, I am certain 

that the two femurs (from the same subject) analyzed in this 

paper are typical, norma] femurs. 

Longitudinal serial frontal sections were made of the left 

femur and serial transverse sections of the right one, the details 

of which will be taken up in subsequent paragraphs. 

The femur as a structure 

1. General. It has been shown in Part II that human bone 

when subjected to loading acts as do other elastic bodies, and 

therefore, it conforms to the laws of mechanics which govern the 

action of elastic bodies under stress. 
From a mechanical point of view the femur is seen to be a 

long, slender column whose upper extremity is bent at a con- 

siderable angle to the shaft. Figure 14 is an accurate outline 

drawing of a longitudinal section through a normal femur, cut 

in such a manner as to pass through the axis of the bone and in 

a plane approximately vertical, the femur being considered in 

the position normally assumed in the standing, erect attitude. 
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In this figure no attempt is made to show the internal struc- 

ture, merely the outline of the femur in the plane described is 

given. 

In order to compute the internal stresses in such a structure 

it will be necessary first to consider the external loads that 

produce these stresses. 

2. External loads. A. The effect of muscle action. It may 
be taken as axiomatic that muscles act almost entirely in ten- 

sion. On the contrary, bone has great strength in resisting 

both tension and compression. The chief function of the bones 

from the mechanical point of view is to serve as supporting 

structures, the stresses in bones being chiefly compressive. 

In the femur, the difficulty of taking into consideration the 

effect of the action of the muscles is, first: the wide variations in 

the amount of the forces exerted by them, and second, the rela- 

tive effect of muscle action is small as compared with the load 

on the femur when the weight of the body rests on the femurs 

either in the standing or walking positions. The tensile strength 

of compact bone is about 230 times as great as that of muscle 

for similar areas of cross section. The net area of cross sec- 

tion of a normal femur may be taken roughly as about 0.80 

square inches of compact bone. To produce sufficient tension 

by the action of the muscles to develop the full strength of the 

femur there would be required about 170 square inches of cross 

section of muscle. As the actual cross sectional area of the 

muscles of the thigh at about the middle of the shaft is about 

25 square inches, the greatest possible action of the muscles 

could develop only one-seventh of the strength of the femur. 

Furthermore, maximum tension in the muscles of the «thigh 

takes place in general groups, the flexors alternating in action 

with the extensors, so that in reality only about half of the area 

of the muscles is in maximum tension simultaneously. This 

would develop only about one-fourteenth of the maximum 

strength of the femur. 

From the foregoing it is evident that, though it is recognized 

that the action of the muscles exerts an appreciable effect on 

the stresses in the femur, it is relatively small and very com- 
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plex to analyze. For this reason the effect of the action of the 
muscles will not be investigated further in this study. 

B. The effect of the body weight. The center of gravity of 

the body in the normal, erect, standing position passes slightly 

posterior to the plane passing through the centers of the heads 

of both femurs, and slightly anterior to the centers of bearing 

at the knee-joint. This is readily verified by a study of the 

relations of the ilio-femoral ligament, which holds the weight of 

the body balanced upon the heads of the femurs; and by the great 

preponderance of tendon strength at the knee-joint which is 

arranged centrally and posteriorly to the center of gravity of the 

lower end of the femur. The eccentric position of the center of 

gravity line of the body with respect to these two joints is one 

of considerable mechanical importance; excessive or suddenly 

applied loads reaching the femur through the acetabula are 

cushioned by the tensing of the muscles and ligaments at these 
joints. 

In the standing position the weight of the trunk is transmitted 

in a vertical line passing through the acetabulum and the outer 

condyle. So the erect, standing position is maintained not 

only by the approximation of the bones, as would be the case 

if the perpendicular line through the acetabulum passed in 

succession through the center of the knee-joint, the axis of the 

tibia and the center of the ankle-joint, but also by the action 

of the muscles and ligaments at these joints. This action of 

the muscles and ligaments at these joints on the medial side 

brings the resultant pressure line in the leg to pass close to the 

centers of the knee- and ankle-joints. The eccentricities at 

these joints vary in different individuals and usually produce 

slight effect upon the principal stresses that normally occur in 

the femur. For this reason they will not be considered in the 

analysis of the loads. 

5. Magnitude and direction of the external load. The weight 

of the body acts in a vertical direction and in the erect, stand- 

ing position is equally divided between the two femurs. In 

walking and running the whole body weight is alternately trans- 

ferred from one foot to the other, the center of gravity of the 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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body being shifted laterally at each step so as to pass through 

the acetabulum and the centers of the knee- and ankle-joints. 

If the weight of one leg be taken equal to 20 per cent of the 

body weight, the load on each femur-head in the standing posi- 

tion will be approximately 30 per cent of the body weight. In 

walking and running the weight transmitted through the loaded 

femur would be the weight of the trunk (60 per cent) and of the 

lifted leg (20 per cent), or 80 per cent of the body weight. 

The direction of the load transmitted through the femur, as 

has been shown above, can be taken as the straight line joing 

the center of the head of the femur to the center of gravity of 

the lower end of this bone. This line of action of the load is 

indicated by the line AB in figure 14. The line of action of the 

load is the line joining the point of application, at which the 

applied Icad may be regarded as concentrated, to the point 

through which the supporting force at the opposite end may be 

regarded as concentrated. The load is actually transferred 

from section to section through the bone from the uppermost 

to the lowermost extremity of the femur. 

4. Assumed load on the femur. All calculations will be based 

upon a load of 100 pounds applied to the head of the femur 

and acting in the direction just indicated. This is a convenient 
basis of making the calculations and it facilitates percentage com- 

parisons, while the effects produced by any other load may be 

accurately determined by simple proportion. 

5. Force diagram. Figure 14 is a diagram of the longitudinal 

section through the axis of the femur showing the outline of the 

bone and the position of the line of action AB of the external 

load. This section does not lie strictly in a single plane, but 

follows the slightly curved axis of the bone which has its convexity 

directed anteriorly. As the head of the femur is directed about 

12 degrees forward and medially to the frontal plane, this longi- 

tudinal section bears the corresponding relation to the frontal 

plane. 

In figure 14 an axis BCDE is shown which is drawn so as to 

pass through the center of gravity of successive transverse sec- 

tions of the femur. It is, therefore, the neutral axis of the 
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femur. The distal 2 inches of this axis are formed as the pro- 

longation of the axis of the shaft in order to simplify the figure, 

no inaccuracy being involved thereby. 

Analysis of the mechanical properties of the femur 

1. Analysis of serial transverse sections. Serial transverse sec- 

tions were cut from the right femur in the following manner. 

An approximate longitudinal axis was drawn on the anterior 

surface of the femur so as to lie midway between the lateral and 

medial outlines of the bone when viewed from the anterior. 

The position of this axis was approximately that indicated by 

the axis BCDE in figure 14. Then at intervals of } inch, meas- 

ured along this axis, lines were drawn perpendicular to it to 

mark the positions of the transverse sections. In the curved 

portion of the upper femur the dividing lines were drawn per- 

pendicular tc the curve at successive points. As these divid- 

ing lines in the curved portion intersected near a common 

point, F, (fig. 14) this was taken as a common intersection of all 

these lines except the second line, marked 2 in figure 14. In 

this figure only the alternate dividing lines of the curved por- 

tion are shown, and are indicated by 2, 4, 6, ete. 

The serial sections thus marked out were sawed in planes 

perpendicular to the plane of figure 14, and passing through the 

division lines marked at the 4-inch intervals. In the curved 

portion of the upper femur the method adopted in sawing the 

sections was as follows: The first saw-cut was made through 

line 7 (fig. 14), then a thin section was cut parallel to the first 

cut; the next cut was made through the line marked 2, thus 

cutting a wedge-shaped piece. The next saw-cut was made 
parallel to the cut through line 2, making a thin section of uni- 

form thickness. This procedure was continued until the straight 

part of the shaft was reached, after which the sections were cut 

at intervals of $-inch until the expansion of the lower femur 

was reached at section 64. From this section to the lower 

end of the femur thin sections were cut as in the head and neck 

of the femur, except that the thicker sections were of uniform 

thickness. 
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Of the 75 transverse sections into which the femur was cut as 

just described, the following sections were analyzed in detail 
and are shown in Plates 1 to 5: 2, 4, 6, 8, 10 12, 14, 16, 18, 20, 

24, 28, 32, 36, 40, 44, 48, 52, 56, 60, 64, 66, 68, 70, 72, and 75. 
The positions of these sections are indicated by these numbers 

on the various drawings and diagrams, which also indicate the 

distances in 4-inch units from the upper extremity of the femur 

to the corresponding sections, as measured along the longitu- 

dinal axis. The detailed study of these sections will now be 

taken up. 

2. Center of gravity. The first step in analyzing these trans- 

verse sections is the accurate location of the center of gravity 

of each section. The true longitudinal axis is the line joining in 

succession the centers of gravity of the transverse sections. 

The center of gravity of each section was located by the 

method of suspension. ‘The transverse section whose center of 

gravity is to be determined is suspended from any point and the 
direction of the suspending thread is carefully marked on the 

section. The operation is then repeated, suspending the sec- 

tion from any other point, and marking on the section the di- 

rection of the suspending thread. The center of gravity of the 

section lies at the intersection of the two lines whose directions 

have been marked on the section. <A third line may be found in 

a similar manner, and this should pass through the point of in- 

tersection of the other two lines, thus checking the accuracy of 

the determination. Every section has been twice checked in 

this manner. In each of the sections shown in Plates 1—5 the 

position of the center of gravity is at the intersection of the two 

axial lines A—A and B-B. | 

3. Neutral axis and neutral surface. As has been more fully 

explained under the same heading in Part II, the neutral sur- 

face of a beam is that surface or plane on which there is neither 

compressive nor tensile stress. This surface passes through the 

center of gravity of the section considered. This surface is 

approximately at right angles to the vertical plane passing 

through the head and neck of the femur when the body is in 

the normal erect position of ‘attention.’ 



LAWS OF BONE ARCHITECTURE 229 

The neutral axis BCDE, figure 14, is drawn to pass through 

the maximum number of centers of gravity of the transverse 

sections. The few exceptions where it fails to pass through the 

center of gravity occur where the cross section undergoes a 

marked change in shape and size with consequent distortion of 

the position of the neutral axis. 

4. Moment of inertia. The graphical method of determining 

the moment of inertia has been used throughout as described in 

Part II (46-48). The two axes about which the moments of 

inertia have been calculated are at right angles. The axis which 

is of chief importance in the analysis of loads on the femur-head 

is indicated by A—A in Plates 1—5, and in all tables and diagrams. 

This axis lies in the neutral! plane. 

The difference in the consistency of the bone in the various 

sections is properly allowed for in the following manner: Where 

the section is entirely composed of cancellated bone the moment 

of inertia is computed as for compact bone having the same size 

and shape. The section is then carefully weighed and the ratio 

of the weight of the cancellated bone to compact bone of the 

same area and thickness is determined, this ratio being called 

the ratio of consistency of the cancellated bone. The effective 

moment of inertia is then found by multiplying the moment of 

inertia of compact bone by the ratio of consistency of the can- 

cellated bone. This is the effective moment of inertia of that 

section in terms of compact bone. 
Where a section is composed of both compact and cancellated 

bone, the area of each is determined, and the moment of inertia 

is computed separately. The section is carefully weighed. 

The weight of the compact bone is computed for a section of the 

same area and thickness, and this is subtracted from the total! 

weight of the section, giving the weight of the cancellated bone 

in the section. The ratio of the weight of the cancellated bone 

to the weight of compact bone of the same area and thickness is 

found, and is the ratio of consistency as previously defined. 

The effective moment of inertia of the cancellated bone in the 

section is equal to the product of the moment of inertia of the 

cancellated bone by its ratio of consistency. The total effective 
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202 JOHN C. KOCH 

moment of inertia of the entire section is the sum of the moment 

of inertia of the compact bone and the effective moment of 
inertia of the cancellated bone. 

5. Analysis of sections. The computations in complete detail 

are given in tabular form, in table 4, for the effective moment of 

inertia of section 8, which illustrates the methods employed 

| - T i 

me Lt 
oN eel Se See 

: C} 

Ngegeeee : ‘%: RHEE EEC EEEEE 
i 4 1 POSSE eS Beef 

) Fig. 15 Transverse section 8 of normal femur. From the same subject as 

figure 14. Enlarged figure with ruling of #5 inch squares, parallel to axis A-A, 

to accompany table 4 which gives the complete calculations for the mechanical 

properties of this section about axis A~A. See ‘Analysis of Sections,’ Part 

IIT. Section 8 is shown natural size in Plate 1. 

throughout for the calculation of the moment of inertia. Figure 

15 shows section 8 with the system of lines drawn at intervals 

of #» inch and parallel to the two principal axes of the section. 

This figure forms the basis for the computations of table 4. 

In a similar manner the moments of inertia of the other sec- 

tions have been calculated and reduced to terms of moment 

of inertia of compact bone, which renders comparable the bend- 

ing strengths of all the sections. 
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Table 5 gives the area of spongy and of compact bone, the 

equivalent area of compact bone, the moment of inertia, and 

other data for each of the transverse sections analyzed. These 

data are called the properties of the sections. From the infor- 

mation given in this table the effects produced at every section 

by the external load may be computed. The moments of in- 

ertia are computed about both principal axes, A—A and B-B, 

for completeness; but only those about axis A—A are required 

to compute the effects of the load on the femur-head. 

6. Bending strength. The bending strength of the femur at 

each section is measured by the section modulus of the section. 

The general formula for the deterinination of the section modulus 

has been given in Part II (par. 41). The values of the section 

moduli are given in table 5, columns 14 and 21 (p. 235). 
The bending strength of the femur about any other plane than 

that of A~A may be determined, since the moment of inertia is 

computed about the two principal axes A—A and B—B which are 

at right angles and these are principal moments of inertia. 

7. Torsional strength. The resistance to twisting action is 

known as torsional strength, and it is measured by the sum of the 

moments of inertia about the two principal axes, A—A and B-B 

in the sections shown in plates 1-5. 

Practically all muscles, being attached to the surface of the 

bones, must produce twisting to a certain degree when exerting 

a pull upon any bone. The extent of the twisting or torsional 

stress depends upon the amount of the pull and the angle be- 

tween the direction of the pull and that of the longitudinal axis 

of the bone. Such stresses combine with the maximum tensile 

and compressive stresses in the femur (and other weight-bearing 

bones) to produce still greater stresses than those due solely to 
the weight borne by the bone. 

A further consideration of the manner of attachment of muscle 

to bone makes clear that in addition to the torsion in the bone 

produced by a muscle pull there is a tensile force acting in a 

direction opposite to the pull and a compression in the bone, 

in the fibers, between the attachment of the muscle and the 

joint about which the force is exerted. 
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Effects of external load 

1. Shearing and axial loads. Referring to figure 14, the load 

transmitted to the head of the femur is distributed over the 

upper surface of the head between points G and H, as shown in 
longitudinal section, and practically all of the head of the femur 

above the point F is in bearing with the acetabulum, receiving 

a load that is practically uniformly distributed. 

As the joint surface is smooth, the forces applied to the head 

of the femur are everywhere perpendicular to the surface of 

the femur-head. All the forces at the joint may, for simplicity, 

be considered as acting in the line AB, in the center of pressure 

of the femur-head, and acting as a concentrated load W, which is 

the sum of all the vertical components of the forces acting at the 

joint. The longitudinal axis of the femur, HDCB, is nowhere 

TABLE 5 

Mechanical properties of the normal femur 

Column 1 indicates the section, the position of which is indicated by the corre- 

sponding number in figures 14, 17, 18, 19, 19a, 20 and 27 

Column 2 gives the area of the entire section in square inches 

Column 3 gives the area of the section occupied by compact bone 

Column 4 gives the area of the section occupied by spongy bone 

Column 5 gives the density of the spongy bone of the section as compared with com- 

pact bone 

Column 6 gives the area of the spongy bone of the section in terms of compact bone 

Column ? gives the total area of the section in terms of compact bone 

Columns 8 and 9 give the distance from the axis A—A to the extreme tension and 

compression fibers, respectively 

Columns 10 to 13 give the moments of inertia (in biquadratic inches) for the com- 

pact bone, the spongy bone, the equivalent of the spongy bone and the combined 

or total moment of inertia of the section, respectively, all except column 11 being 

expressed in terms of compact bone 

Column 14 gives the value of the section modulus, which is the strength ratio of the 

section with respect to avis A-~A. This is obtained by dividing the moment of 

inertia about axis A—A by the distance from this axis to the extreme fiber of the 

section 

Columns 16 to 18 give the moments of inertia about axis B-B as indicated, all ex- 

cept column 16 being expressed in terms of compact bone 

Columns 19 and 20 give the distance from the axis B-B to the extreme anterior and 

posterior fibers, respectively 

Column 21 gives the value of the section modulus (strength ratio) with respect to 

avis B-B. This is obtained by dividing the moment of inertia of the section 

about this axis by the distance from this axis to the extreme fiber 
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parallel to the line of action of the load, W, which acts in the 

direction AB. 

Hence, at successive points along the axis of the femur the 

load, W, is resolved into two components parallel and perpen- 

dicular, respectively, to the axis HDCB. The component 

parallel to the axis at any given point is the axial load, and the 

component at right angles to this force is the vertical shear at 

the given point. Vertical shear is therefore the component of 

the load which is perpendicular to the axis of the bone. 

In figure 14 the lines marking the successive sections are in- 

dicated by the radial lines 1, 2, 4, 6, ete., all of which except 

7 and 2, intersect at a common point Ff’. These lines have 

been discussed in greater detail in a preceding section, under 

the heading, ‘“‘ Analysis of serial transverse sections’ (p. 227). 

2. Resolution of load. A. Axial load and vertical shear. 

In order to determine graphically the amount of the axial and 

of the vertical shearing force at successive sections of the femur 

under the assumed load, pass a line FJ in figure 14, through F 

and parallel to AB. The force W, is laid off to scale as FJ, 

and for simplicity it will be assumed to be 100 pounds. By this 

means percentages of the load may be readily computed, and 

subsequently the stresses finally determined, may be calculated 

for any other load on the femur by simple proportion. The 

accuracy of the calculations is not affected by this procedure 

and the labor of computation is much reduced. 

From the point J draw the lines JK, JL, JM, JN, JO, JP, 

JQ, and JR, perpendicular respectively to the radial lines F'4, 

F6, F8, F10, F12, Fi4, F16 and F17. Then the line JK repre- 

sents to scale the direction and amount of the component of W 

which acts at right angles to F'4, or the axial load acting on sec- 

tion 4 of the femur. Likewise, /K represents the component of 

W which acts in a direction perpendicular to the axis of the 

femur at section 4, and therefore represents the vertical shearing 

force at that section. 

In the same manner the components of W which form the 

axlal force and the vertical shearing force at successive sections 

are indicated in figure 14. The axial forces are indicated at 



LAWS OF BONE ARCHITECTURE Zor 

sections 6, 8, 10, etc. to 17 by the lines JL, JM, JN, JO, JP, 

JQ and JR, respectively. The vertical shearing forces at the 

same successive sections are represented in the same figure by 

the lines FL, FM, FN, FO, FP, FQ, and FR, respectively. After 

section 17 is passed the character of the vertical shearing force 

is reversed, but its amount is so small as to be negligible. 

The amounts of these axial and shearing forces are shown in 

figure 16, in diagrammatic form for the whole length of the 

femur. Table 6 (cols. 2 and 4) gives the numerical values of 

these axial and vertical shearing forces. 

3. Bending moment. In addition to the axial loads and the 

vertical shears, the load on the femur-head produces a tendency 

to cause bending in the femur. In accordance with the defini- 

tion previously given (Part II, 26), the amount of the bend- 

ing moment is the product of the force acting on the section 

by the perpendicular distance from the point to the line of 

action of the force. The line of action of the force is AB (fig. 

14) and its amount W, is 100 pounds. which remains a con- 

stant for the whole length of the femur. Hence, the bending 

moment at successive points wil] be proportional to the perpen- 

dicular distance from the given point (on the neutral axis) to 

AB. The numerical values of the bending moment at succes- 

sive sections are given in table 6 (col. 3), and in figure 16 these 

values are shown in diagrammatic form (p. 240). 

It will be noted that the bending moment rapidly increases 

in the head and neck of the femur to reach a maximum between 

sections 16 and 18. Beyond the latter section the amount of 

the bending moment diminishes almost uniformly to zero just 

below section 75. 

4. Vertical and horizontal shear. As a fundamental principle 

in mechanics, it may be stated that at any point in any beam 

the horizontal shearing force is equal to the vertical shearing 

force at the same point. The intensity of the horizontal shear- 

ing force, in any transverse section, varies from a minimum 

at the fibers most distant from the neutral axis to a maximum 

in the neutral plane (Part II, 50, 51), the variations depending 

upon the shape of the cross section. Hence it will be neces- 
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sary to compute the intensity of the horizontal shearing force 

at a number of points in each section of the head and neck of 

the femur where the shearing forces produce their principal 

effects. In each of these transverse sections the coefficients, Q, 
of the intensity of the horizontal shearing stress were computed 

at intervals of zo inch from the neutral surface of the femur. 

The horizontal shearing unit-stress at these points is found by 

multiplying the average vertical shearing unit-stress for the 

section by the coefflcient Q, for the given point. 

The method of computing the intensity of the horizontal 

shear is shown in table 4, which gives the complete calculations 

in tabular form for transverse section 8. In similar manner, the 

intensity of the horizontal shearing forces have been computed 

for the other even-numbered sections from 4 to 18 inclusive. 

Having found the horizontal shearing unit-stresses for the 

various points in each section, the vertical shearing unit-stresses 

are also known as they are equal in amount at corresponding 

points, and differ only in being directed at right angles to the 

horizontal shears. 

5. The unit-stresses due to the external load. A. Axial unit- 

stress. The axial unit-stress is the axial load at the section di- 

vided by the net area of the transverse section. In the sections 

containing spongy bone the area is expressed in terms of the 

equivalent area of compact bone. The unit-stresses have been 

computed for each section by dividing the axial load by the 

TABLE 6 

Analysis of stresses in the normal femur produced by a load of 100 pounds: by 

walking and by running 

In this table there is given in condensed form the analysis of the stresses produced 

im successive sections of the normal femur, by a load of 100 pounds applied to the 

head of the femur in the same direction as the body weight is transmitted. From 

the data tabulated the maximum unit-stresses (lbs. per sq. in.) at the various 

sections 7s computed for the load of 100 pounds. Then by simple proportion, 

in accordance with the principles of mechanics the maximum stresses at these 

sections are calculated for a load of 160 pounds and for a load of 320 pounds on 

the femur, being the approximate load carried by the femur in walking and in 

running, respectively. The numbers of the sections given in column 1 corre- 

spond to the numbers of the sections in figure 18 and all other diagrams and tables 

similarly numbered 
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equivalent area of compact bone. These results are shown in 

diagrammatic form for the entire Jength of the femur in figure 
17. In figure 18a the axial unit-stress is shown to scale for 

section 8, due to the load of 100 pounds on the femur-head. 

Table 6, Column 2 gives the numerical value of the axial load, 

and Column 5 the corresponding axial unit-stresses for the 
whole femur. 

B. Unit-stresses due to bending moment. As has been ex- 

plained in Part II (26-41) in the discussion of beams, the effect 

of bending moment is to cause tensile stresses on one side 

of the neutral axis and compressive stresses on the opposite 

side. The amount of this unit-stress depends upon the distance 

of the fibers considered from the neutral axis. These stresses are 

proportional to the distance from the neutral plane, and are 

zero at this plane. Hence the maximum unit-stresses due to 

bending moment will be in the outermost fibers of any given 
section. 

By the application of the formula (Part II, 39), s, = Mc/I, 

the value of the maximum unit-stress due to bending moment 

can be readily computed for the sections analyzed. The value 

of M, the bending moment, for successive sections is given 

graphically in figure 16 and numerically in table 6. The value 

of c, the distance from the neutral plane to the outermost fiber, 

and of J the moment of inertia of the cross section are given in 

table 5, table of properties of femur sections. In figure 18a the 

stresses due to the bending moment are shown for section 8. 

A similar diagram could be constructed for all the other sections 
analyzed. 

In figure 17 curves 3 and 4 show graphically the values of the 

maximum unit-stresses, tensile and compressive, due to the 

bending moments produced by a load of 100 pounds on the 
femur. 

C. Horizontal and vertical shearing unit-stresses. The aver- 

age vertical shearing unit-stress at each section is derived by 

dividing the vertical shear at the section by the net area of 

compact bone of the section. Then the actual horizontal shear- 

ing unit-stress is computed by multiplying this average shear- 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, No. 2 



JOHN C. KOCH 

‘U
dy
B}
 

SB
M 

IN
UI
O}
 

SI
Y}
 

W
I
O
Y
M
 

wM
OI

J 
yo
ol
qn
s 

ay
y 

Jo
 

U
S
O
 

A
p
o
q
 

oY
} 

JO
 

9'
0 

9¥
 

Uo
Ye
y 

‘S
uL
y[
VM
 

0}
 

ON
p 

pV
OT
 

9Y
} 

IO
J 

UB
AI
S 

a1
B 

So
ss

ed
js

-1
UN

 
dA

TS
so

Id
UI

0D
 

PU
B 

o]
 

IS
U}
 

LU
N 

UW
TX
BU
T 

ou
t 

A
J
U
Q
 

‘
p
a
y
 

I
n
a
}
 

ay
} 

UO
 

s
p
u
n
o
d
 

(O
T 

JO
 

pB
O|
 

B 
AO
J 

[I
BQ

ep
 

UT
 

UO
AT
IT
 

o1
¥ 

so
ss
oI
yG
 

“F
T 

oA
NS

Y 
ur

l 
U
M
O
Y
S
 

sU
OT

}I
eS

 
p
o
a
o
q
u
N
u
 

oy
} 

0}
 

pu
od
sa
s1
00
 

WB
IS

BI
P 

JO
 

W
0
}
J
O
G
 

4B
 

S
I
O
q
U
N
N
 

“U
MO

YS
 

SB
 

Sp
¥O
] 

O
F
 

‘I
NW
IO
] 

[B
UI
ZO
U 

OY
} 

UI
 

So
ss

er
}s

-J
1U

N 
UM
UN
IX
eU
T 

Jo
 

WR
ID

BI
GE

 
ZT
 

‘S
ty

 

1
9
/
8
1
0
2
 

V
G
 

(Cn
n. 

O 
d 

2
9
9
9
9
9
 

O
L
 

A
L
 

SL
 

2S 

= 
o
m
e
 

0
 

N
E
B
E
:
 

Bi
 

S
E
 

001
 

c
e
s
 

S
e
 

2 eA ah |S Pe ee 

Nm 
PRY (i BONY BEBGRE me 

==— 

= 
—|Q 

uJ 

PS 2 

rad 
e
A
 

pporjoiy) 
; 

OM 
Ol, 

on |
 

H-Inwo 
julio 

polo 

e
a
 
O
r
 
a
e
 A/C |BID0YIC Liane 

Z10 
a
 

Steet} let 

= 

7 
Fi 

)
 

= 
—
|
—
S
S
A
 

a
n
e
 

i
e
 

A 
bn

07
 

(O
li
xy
 

9
 

|j
ua

ul
ol

yb
) 

ef
 

Y 
Of
 

2 
GE
E 

P
E
P
I
E
S
 

a 
G 

|S
 

72
 

S
e
 

g e Ii 

S 

iz 00 

AS) 

IS 

0; < 

Ee C 
E 
Ss 

ec = 

ea) 

ie) 
~—l= 

X 
=| = 

C) 

y 

@ ye = 

~ 

EEPRAEE S| + 
Q] SD] of 

ESSER 

Pa
 

eH
-j
nu
i|
su
0|
pe
d 

WS 

| 
AY
 



3 24: OF BONE ARCHITECTURE LAWS 

‘Z
'E
 

A
q
 

po
rd
yj
nu
rt
 

oq
 

07
 

a
e
 

So
ss
ol
}s
 

as
oy
y 

S
u
l
u
U
N
I
 

o
J
 

pu
v 

‘9
7 

A
q
 

p
o
r
d
y
j
n
u
r
 

oq
 

04
 

o
a
 

SO
SS
O1
}S
 

OS
OY
} 

S
U
I
Y
[
V
M
 

LO
Y 

°9
°9
 

A
Q
 

po
t[
dr
yy
nu
r 

o
e
 

sa
ss
oa
ys
 

as
oy
} 

(,
40
1}
U9
}4
8 

4B
,)
 

Uo
Ty
Is
od
 

S
u
r
p
u
e
y
s
 

oy
} 

IO
s 

‘
P
B
O
Y
-
A
N
U
I
J
 

VY
} 

UO
 

S
p
u
n
o
d
 

QO
] 

Jo
 

p
o
]
 

B 
IO
Z 

UB
AI
T 

9
1
 

SU
OT
ZD
0S
 

S
N
O
M
B
A
 

OY
} 

4B
 

SS
O1
}8
 

9A
IS
SA
IC
UI
OD
 

PU
B 

o]
IS
Ue
} 

WM
UI
TI
Xv
UT
 

oy
} 

JO
 

sy
UN
OU
IE
 

o
Y
.
 

‘s
ei
ns
y 

Su
rp
os
oo
ns
 

pu
re
 

FT
 

oa
ns
y 

ut
 

po
JB
oI
Ip
UL
 

SU
OT
JO
OS
 

9Y
y 

04
 

pu
od
sa
r1
09
 

s
t
e
q
u
n
U
 

UO
TJ
oa
s 

a
y
,
 

“I
MU
IE
yT
 

[B
UI
IO
U 

OY
} 

Ul
 

Ss
91
}8
 

W
I
N
U
I
X
B
U
 

JO
 

so
ul
] 

po
yn
du
io
d 

oy
} 

jo
 

w
e
I
s
e
I
q
 

gy
 

“S
17
 

Sd
 

/I
OO
/ 

P
U
P
 

P
O
O
L
 

L
o
o
m
 

O
g
 

O
|
D
Y
O
U
/
 

A
G
 

OI
ND
I{
 

OU
I 

Ul
 

S
O
C
S
A
N
E
C
 

O
W
L
 

BD
UI
AI
A 

IN
L 

; 
A
G
 

P
U
N
O
 

O
G
A
D
L
/
 

S
P
O
O
T
I
O
 

(C
OW
 

I
G
 

TE
AT
S 

MU
A 

Cf
 

Ul
) 

U
M
O
U
S
 

d
y
 

S
a
s
s
d
d
f
C
o
 

W
N
L
U
I
X
O
L
 

A
J
U
Q
 

W
O
 

OL
 

E
N
G
S
A
S
6
0
N
C
 

‘d
fo
N 

S
P
L
I
N
O
 

S
S
 

I
A
S
 

O
/
I
S
U
I
T
L
 

fo 
=
 

i
s
 

: 
J
O
O
/
 

S
S
I
M
N
G
 

2A
IS
S 

2I
dG
UI
OD
 

$
d
J
D
>
I
p
u
y
 

+
 

s
e
r
i
e
 

©
 

, 
4
 

0
 

—
S
/
 

—
—
—
 

*:
 

sv
 0
 

©
 



244 JOHN C. KOCH 

ing unit-stress by the coefficient @, previously determined for 

ach given point in each section. The details of such computa- 

tions are given for section 8 in table 4 (p. 230); the same meth- 

ods were employed for all the other sections analysed. 

BS 

S\\. Stresses Due to 
0 BendingMoment 
SH ||| 

il 
S 
C | 

ANE aa | Hs 
ee NUS 

<8 SR 
me |S ~~ WY 

a SIS | a8 SE NUIISS 
: i = 
S Axial Stress ISI 
| | » 

S = 
Ny oD 
| S 
d | = 
J 

— 

Poe = aN le » 
iC la a awe N = WN | S Dd Ne 

5 ee Sy NY SS es S| — 

NY me =i ON SX WANK > | S 
a = \ \ Quill Y 

=e See IDS 5) 9 we) ve) iz SNES AW gles N <4 ERB 1 OE Sis 
S ees re ON <e \ \ \ \ S Q) S 
S le NAN \ \|& es 

re ee > Vice wes 
SS Ae Nee a vil 

I le ee : | Meth \ 

EL a\ ste ee eye | ed |_| heal | Li 

Fig. 18a Diagram of the stresses in transverse section 8, based on a load of 

100 pounds on the femur-head. The amounts and lines of action of the stresses 

in every part of this section are shown graphically to scale. There are four 

kinds of stress in action at every point in the section: compression uniformly 

distributed over the cross section; tension or compression due to the bending 

moment, such stress varies uniformly from zero at the neutral plane to a maxi- 

mum at the extreme outer fibers of the section, as shown; horizontal shear and 

vertical shear, both of which are equal in amount at any given point, and which 

vary from a maximum at the neutral axis to a minimum of zero at the fibers 

most distant from the neutral axis, the variations depending upon the shape and 

consistency of the section. 
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In the calculations for these coefficients their values were 

computed in each section at intervals of 4 inch from the neutral 

plane. 

In figure 18a is shown to scale the diagram of the intensity 

of the horizontal and vertical shearing unit-stresses for section 

8. It will be seen that the horizontal and vertical shearing 

stresses are equal but are at right angles to each other as has 

been explained in Part II, (50-57). 
6. Maximum unit-stresses in the femur. The axial unit- 

stress in the femur is throughout a compressive stress. Hence 
it combines with the compressive stress due to the bending 

moment on the medial side of the femur, to produce maximum 

compressive unit-stresses in the fibers most distant from the 

neutral axis. 
The axial (compressive) unit-stress on the tensile side of the 

femur balances or offsets an equal amount of tensile unit-stress 

due to bending moment, thus decreasing the amount of the 

tensile unit-stress. The true maximum tensile unit-stress is 

therefore the difference between the intensity of the maximum 

tensile unit-stress due to the bending moment and the intensity 

of the axial compressive unit-stress. In figure 18a the axial 

and bending moment stresses are shown to scale for section 8, 

and the effect of the axial stress is seen in increasing the unit- 

stress at every point on the medial side and decreasing the 

tensile unit-stress at every point on the lateral side. 
The amounts of these maximum unit-stresses at various points 

along the femur are shown numerically in table 6, diagrammati- 

cally in figure 17 and the amounts and positions graphically in 

figure 18. 
In figure 17 is shown a series of curves representing the maxi- 

mum unit-stresses at every section due to the assumed load of 
100 pounds on the femur-head. Curve 1 gives the intensity of 

the unit-stress due to the axial load. Curve 3 gives the amount 

of the maximum tensile unit-stress due to the bending moment 

at the various sections, and curve 4 gives the amount of the 

corresponding maximum compressive unit-stresses due to the 

bending moment. Curve 2 gives the maximum amount of the 
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tensile unit-stress at the various sections due to the combined 

action of the axial load and the bending moment, while curve 

5 gives the corresponding maximum compressive unit-stresses 

due to the combined action of the axial load and the bending 
moment. 

In this figure curves 7 and 6 show the intensity of the maxi- 

mum compressive and tensile unit-stresses along the femur due 

to the combined action of the axial load and the bending mo- 

ment, for a load of 160 pounds (= 8/10 of body weight) on the 

femur-head, produced in walking by the subject who weighed 
200 pounds. 

7. The lines of maximum internal stress. In Part II, 53, the 

formulas for computing the magnitudes and directions of the 

maximum and minimum internal stresses were given. The 

unit-stresses due to axial load, bending moment and _hori- 

zontal and vertical shear having been determined for the vari- 

ous sections as described above, the formulas mentioned can 

now be applied to compute the directions and magnitudes of the 

maximum and minimum internal unit-stresses throughout the 

femur. 

Distal to section 16 the shearing stresses are quite small 

(see curve 8, figure 17, giving maximum intensity of horizontal 

and vertical shearing unit-stresses), and produce no appreci- 

able effect upon the position of the lines of internal stress. For 

this reason the lines of maximum internal stress become parallel 

to the longitudinal axis of the femur below this section. 

In the head and neck of the femur the stresses due to bending 

moment and vertical and horizontal shear combine to produce 

maximum and minimum internal stresses at every point in this 

region. These maximum and minimum stresses act everywhere 

in directions perpendicular to each other. Where the maximum 

tensile stress occurs there is also a minimum compressive stress 

acting at right angles to it: and conversely, where the maximum 

compressive stress occurs there is a minimum tensile stress at 

right angles to it. 

As there is an infinite number of points in each transverse 

section subject to the action of these forces, which vary in in- 
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tensity at successive points, there is an infinite number of re- 

sultant lines of maximum tensile and compressive stress passing 

through each transverse section of the femur. As it is desired 

to know the paths of only a few of these resultant lines of stress, 

Loaw 

Fig. 19 Diagram of the lines of stress in the upper femur, based upon the 

mathematical analysis of the right femur. These result from the combination 

of the different kinds of stress at each point in the femur, which figure 18 a shows 

in detail for section 8. 
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they may be closely approximated by calculating the amounts 

and directions of these maximum stresses at a number of points 

in each of the sections comprising the upper femur. 

The directions and amounts of these maximum and minimum 

internal unit-stresses have been computed in each section at 

intervals of 4 inch from the neutral axis. In figure 18 the paths 
of these maximum and minimum stresses are plotted to show their 

relation to the whole femur. Figure 19 is drawn to full scale 

to show the position of these paths of resultant stress in the 

upper femur. In both figures it will be noted that these lines 

have the following characteristics: 

1. All intersections of lines from opposite sides are at right 

angles. : 

2. The intersection of all lines with the neutral axis is at an 

angle of 45 degrees. 

3. The lines are in two systems: one, compressive rising on 

the lateral or outer side of the femur perpendicular to the sur- 

face of the femur and crossing the neutral axis and gradually 

fusing in the medial portion of the shaft; the other, tensile, ris- 

ing on the medial side of the femur perpendicular to the surface 

and crossing the neutral axis and fusing gradually below the 

greater trochanter in the lateral portion of the shaft. 

In figure 19 a is shown approximately the intensity of the maxi- 

mum and minimum tensile and compressive stresses calculated 

for a load of 100 pounds on the femur head. It will be noted 

that the minimum compressive stresses in all the lines of com- 

pression are lateral to the neutral axis, and the maximum com- 

pressive stresses are medial to the neutral axis. The mimimum 

tensile stresses in any line of tensile stress are medial to the 

neutral axis and the maximum stresses are lateral to the neutral 

axis. The maximum stresses in either system are, in general, 

found as the direction of the line of stress becomes parallel to 

the neutral axis. As these lines leave the neutral axis and 

gradually approach a direction perpendicular to the neutral axis 

they approach a value of zero. 
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PART IV. THE NORMAL INNER ARCHITECTURE OF THE FEMUR 

For clearness of description of the inner architecture of the 

human femur, it may be divided into three parts: the upper 

femur, shaft and distal portion. The former includes the head 

and neck and extends to the lower limit of the lesser trochanter. 

y 

SS) 
—~ 
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— 

Q 
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Fig. 19 a Intensity of the maximum tensile and compressive stresses in the 

femur-head. Computed for the load of 100 pounds on the right femur. Cor- 

responds to the upper part of figure 18. 

The shaft includes all that portion of the femur which lies be- 

tween the lesser trochanter and the distal portion. The distal 

portion is taken as the lower-most six inches of the femur and 

includes all that part of the bone in which the shaft gradually 

increases in size to form the articular surface of the lower end 
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of the femur. These divisions differ very markedly in struc- 

ture, and the principles of mechanics involved in each require 

separate consideration. 

The inner architecture of the wpper femur 

1. Serial frontal longitudinal sections. The sections are cut 

in planes parallel to the plane passing through the longitudinal 

axis of the shaft and the head and neck of the femur, which is 

directed medially and about 12 degrees anterior to the true 

frontal plane of the body. 

Figure 21 and figure 28 represent such a section cut through 

the central part of the femur and very close to the longitudinal 

axis of this bone. Comparison of this figure with those showing 

the parallel sections adjacent to it shows a very close similarity 

of the inner architecture of all these sections. For this reason 

the detailed description given for the mid-section shown in figure 

21 will also apply to the others. 

Referring to this figure, it is seen that the spongy bone of 

the upper femur is composed of two distinct systems of tra- 

beculae arranged in curved paths: one, which has its origin in 

the medial (inner) side of the shaft and curving upward in a fan- 

like radiation to the opposite side of the bone; the other, having 

its origin in the lateral (outer) portion of the shaft and arching 

upward and medially to end in the upper surface of the greater 

trochanter, neck and head. These two systems intersect each 

other at right angles. The spaces between these intersecting 

systems of filaments are of variable size and shape, depending 

upon their position. In the head of the femur these spaces are 

very small and in the lower portion of the section they are of 
much greater size. The two systems of trabeculae will now be 

discussed in detail. 
A. Medial (compressive) system of trabeculae. As the com- 

pact bone of the medial (inner) part of the shaft nears the head 

of the femur it gradually becomes thinner and finally reaches the 

articular surface of the head as a very thin layer. From a 

point at about the lower level of the lesser trochanter, 23 to 3 

inches from the lower limit of the articular surface of the head, 
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the trabeculae branch off from the shaft in smooth curves, 

spreading radially to cross to the opposite side in two well- 

defined groups: a lower, or secondary group, and an upper, or 

principal group. The former consists of the thin ight trabeculae 

which cross over from the medial part of the shaft to end in the 

opposite side in the region of the greater trochanter and in the 

Fig. 21. Frontal longitudinal mid-section of upper left femur. Companion 

to the right femur analyzed in Part IIT. The same femur is shown 1n figs. 24 

and 25. (Natural size.) 
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neck of the femur. The principal group consists of much heavier 

trabeculae, all of which cross from the medial part of the shaft 

to end in the upper articular surface of the head. 

a. The secondary compressive group. This group of trabecu- 

lae leaves the inner border of the shaft beginning at about the 
level of the lesser trochanter, and for a distance of almost 2 

inches along the curving shaft, with which the separate trabeculae 

make an angle of about 45 degrees. They curve outwardly and 

upwardly to cross in radiating, smooth curves to the opposite 

side. The lower filaments end in the region of the great tro- 

chanter; the adjacent filaments above these pursue a more 

nearly vertical course and end in the upper portion of the neck 

of the femur. 

The trabeculae of this group are thin and with wide spaces 

between them. As they traverse the space between the medial 

and lateral surfaces of the bone they cross at right angles the 

system of curved trabeculae which rises from the lateral (outer) 

portion of the shaft. 

It may not be amiss here to call attention to what may ap- 

pear to be a trivial detail: the question as to whether these in- 

tersections are always at 90 degrees, and if some of the angles 

are not acute or obtuse angles. It has been strongly denied 

by various authors (Albert ’00) that these intersections of the 

trabeculae of the head of the femur are at angles of 90 degrees. 

For the purpose of illustrating how deceptive right-angle in- 

tersections of curves. may appear, figure 22 shows the inter- 

sections at 90 degrees of ares of circles having various radii. 

The angle between the diverging curves appears greater than 90 

degrees, while the angle between the converging curves appears 

much less than 90 degrees. If there is added to this the further 

apparent distortion of the angles by the curving axis of the 

upper femur, it is clear that confusion could easily arise as to the 

true angles between the systems of curved trabeculae. The cor- 
rect method for the measurement of the angle between two curved 

lines is to draw through their intersection straight lines per- 

pendicular to the radius of each curve; the angle between these 

two intersecting straight lines is the angle between the two 

curves at their intersection. 
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b. The principal compressive group. This group of trabec- 

ulae (figs. 21 and 28) springs from the medial portion of the 

shaft just above the group above-described, and spreads up- 
ward and in slightly radial smooth curved lines to reach the 

upper portion of the articular surface of the head of the femur. 
These trabeculae are placed very closely together and are the 

thickest ones seen in the upper femur. They are a prolonga- 

tion of the shaft, from which they spring in straight lines which 

gradually curve to meet at right angles the articular surface. 

Fig. 22 Diagram of curves of different radii, intersecting at right angles. 

Detailed discussion of this figure is given in Part IV, under ‘The Secondary 

Compressive Group.’ (P. 253.) 

There is no change as they cross the epiphyseal line. They 

also intersect at right angles the system of lines which rise from 

the lateral side of the femur. There are a few light trabeculae 

of this group which rise along the lower portion of the neck of 

the femur and end below the fossa of the ligamentum. teres. 

This system of principal and secondary compressive trabeculae 

corresponds in position and in curvature with the lines of maxi- 

mum compressive stress, which were traced out in the mathe- 

matical analysis of this portion of the femur (fig. 19). 
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B. Lateral (tensile) system of trabeculae. As the compact 

bone of the outer portion of the shaft approaches the greater 

trochanter it gradually decreases in thickness. Beginning at a 

point about 1 inch below the level of the lower border of the 
greater trochanter, numerous thin trabeculae are given off from 

the outer portion of the shaft. These trabeculae lie in three 

distinct groups: one (¢) which rises from the upper part of the 

shaft and passes almost vertically and ends in the surface of the 
greater trochanter: the second (d) which rises lower in the 

shaft than the group just mentioned, making an angle of 30 to 

45 degrees with the shaft, and crosses in almost parallel curved 

lines the neck of the femur and ends in the medial surface of 

the head of the femur: the third (e), which rises from the same 

side of the shaft and below group (d) and crosses the longitu- 

dinal axis of the femur and ends in the medial side of the neck 

and shaft. 

ce. The greater trochanter group. ‘These trabeculae rise from 

the outer part of the shaft just below the greater trochanter and 

rise in thin, curving lines to cross the region of the greater tro- 

chanter and end in its upper surface. Some of these filaments are 

poorly defined. This group intersects the trabeculae of group 

a which rise from the opposite side. The trabeculae of this group 

evidently carry small stresses as is shown by their slenderness. 

d. The principal tensile group. This group springs from the 

outer part of the shaft immediately below group c, and curves 

convexly upward and inward in nearly parallel lines across the 

neck of the femur and ends in the inferior portion of the head. 
These trabeculae are somewhat thinner and more widely spaced 

than those of the principal compressive group (b). All the 

trabeculae of this group cross those of groups a and b at right 

angles. This group is the most important of the lateral system 

(tensile) and, as will be shown later, the greatest tensile stresses 

of the upper femur are carried by the trabeculae of this group. 

e. The secondary tensile group. This group consists of the 

trabeculae which spring from the outer side of the shaft and lie 

below those of the preceding group. They curve upward and 

medially across the axis of the femur and end more or less irreg- 
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ularly after crossing the mid line, but a number of these fila- 

ments end in the medial portion of the shaft and neck. They 

cross at right angles the trabeculae of group a. 

C. General. The description of the inner architecture of the 

middle frontal section given above applies to the parallel serial 

sections, which differ from it because the latter sections include 

increasing amounts of the compact bone of the outer shell, as 

the limits of the bone anteriorly and posteriorly are approached. 

2. The inner architecture of the sagittal mid-section. Figure 23 

represents a sagittal section through the upper femur. This 

specimen was made from a femur from the dissecting room, 

and is typical of the structure of numerous other normal femurs 

that have been examined during the preparation of this paper. 

This section has been cut so as to include the neutral plane of 

the upper femur and therefore gives a good representation of 

the architecture of the femur in the region of the neutral axis. 

The portion of the section that passes through the head con- 
sists of a fine mesh-work of spongy bone of very uniform den- 

sity. This mesh-work is produced by the intersection of two 

groups of trabeculae which rise from the compact bone of the 

anterior and posterior portions of the neck and head of the femur, 

and cross the central part of the head to end on the side oppo- 

site. The articular surface of the head of the femur is a thin 

shell of compact bone. 
The trabeculae in the region immediately below the head rise 

from the anterior and posterior portions of the shaft in cury- 

ing, wide-spaced, almost vertical lines, with an irregular cross- 

bracing of thin trabeculae. As the posterior portion of the shaft 
of the femur approaches the lesser trochanter from below, it 

gradually becomes thinner, and the trabeculae rise from it in 

straight, parallel lines which cross the region of the lesser tro- 

chanter, and above it fuse together to form an outer shell of 

compact bone in the neck. This shell is reinforced by a similar 

fusing of some of the trabeculae above the lesser trochanter to 

form a single spur-like line of compact bone parallel to the 

longitudinal axis of the femur. This spur becomes thicker as it 

approaches the neck. 

~ 
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The trabeculae lying between the anterior part of the shaft 

and the prolongation of the posterior portion of the shaft are 

thin and wide-spaced. Those lying in the space occupied by the 

lesser trochanter are thin and more closely spaced, and are 

parallel to the longitudinal axis of the femur. The latter are 

Fig. 23 Sagittal mid-section of upper femur. This is taken from a dis- 

secting-room specimen of normal structure. The sagittal mid-section of the 

lower end of this femur is shown in figure 26. (Natural size.) 
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crossed at right angles by a more widely spaced system of 

trabeculae. 

A. Structural features. The structural features of most im- 

portance in tbis section are: 

1. The spongy bone is most closely arranged in the head of 

the femur, and it becomes thinner and more widely spaced as 
the lesser trochanter is approached. 

2. The thinning of the trabecular structure begins immedi- 

ately below the articular surface of the head. 

3. The change of the heavy compact bone, on the posterior 

side below the trochanter, to the system of light trabeculae which 

crosses the lesser trochanter and fuses to form the compact bone 

of the neck of the femur. — 

3. The serial transverse sections of the upper femur. 'T ese 

sections made at 4-inch intervals, are so numbered that the dis- 

tance in quarter-inches, measured along the neutral axis, from 

the proximal end is indicated by the number of the section. 

In Plates 1 and 2 only the alternate transverse sections of the 

upper femur are shown. ‘These sections from 2 to 20 confirm 

the observation made of the sagittal section, previously de- 

seribed: that the trabecular structure distal to the head gradu- 

ally becomes lighter after the lower level of the articular surface 

of the head is passed. 
The cross section of the head of the femur is practically cir- 

cular, and it is made up entirely of spongy bone except for the 

thin shell of compact bone forming the articular surface. Sec- 

tions through the neck show a gradual thickening of the outer 

shell to form the shaft, with a parallel decrease in the density 

of the spongy bone, as the sections are taken more and more dis- 

tal to the head. In the neck there is a marked decrease in the 

gross area of the cross section, which reaches a minimum in sec- 

tion 8. Referring to table 5, it will be seen that the area of com- 

pact bone in this section, including the equivalent area of the 

spongy bone, is less than that of any other section of the entire 

femur. The marked variations not only of relative density of 

the spongy bone, but of the size and shape of cross section that 

are seen in the successive sections of the head and neck are of 



LAWS OF BONE ARCHITECTURE 259 

great importance in determining the mechanical strength of this 

part of the femur. Transverse sections afford the most accurate 
means of computing the strength of the bone at various sections. 

In Part III the mechanical analysis of these separate sections 

has been made, and the results are presented in table 5. Figure 

20 gives in diagrammatic form the strength of the femur about 

its two principal axes A—A and b-B. 

The shaft of the femur 

The shaft will be considered here as that portion of the femur 

lying between the lower limit of the lesser trochanter and the 

distal 6 inches of the femur. 

1. Frontal sections. ‘The shaft consists of a thick, hollow, 

cylindrical shell of compact bone with relatively unimportant 

short, thick trabeculae projecting from the inner surface of the 

shaft. The central core of the shaft is occupied by very fragile 

trabeculae which support the marrow in this cavity, but which 

probably do not normally affect the strength of the femur. 

The frontal longitudinal sections of the shaft, being cut through 

a more or less circular hollow cylinder, do not give an adequate 

picture of the structure because large variations occur in the 

form of the sections as they are taken at a distance from the 

center. Figure 24 gives a general idea of the structure of the 

shaft, but the most accurate representation of the shaft is given 

by the serial transverse sections, shown in Plates 1-3. 

Figure 24 clearly shows the gradual fusion of the trabeculae 

in the head and neck to form the shaft, and at the lower end the 

gradual thinning of the shaft which takes place with a corre- 

sponding increase in the amount of spongy bone. 

2. Sagittal sections. Longitudinal sagittal sections of the shaft 

proper are somewhat similar in general appearance to the frontal 

sections, as they are cut in the longitudinal plane at right 

angles to the frontal sections. But they give only a general idea 

of the structure of the shaft, as they become distorted as they 

are taken in planes away from the center. 

3. Serial transverse sections. These sections through the shaft 

are shown in Plates 1-8 (sections 20-52). They give the detailed 
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architecture of the shaft without distortion and offer the most 

accurate basis for determining the true strength of this part of 

the femur. 

The shape of section 20 is almost circular, with a similar hol- 

low space within. Distal to this section the shape of the shaft 

gradually changes, becoming somewhat elliptical in section 28. 

The spongy bone in the sections between 20 and 28 becomes 

markedly smaller in amount, in section 28 only part of the area 

within the compact shell being occupied by spongy bone. Be- 

yond section 28 the area of spongy bone is so small as to be 

negligible in computing the strength of the bone, until the distal 

part of the femur is reached. 
The outline of the shaft from section 32 to section 52 is pear- 

shaped, with a fairly symmetrical hollow space within, which 

produces an annular figure of variable thickness. 

The chief value of the transverse sections is that they give ~ 

an accurate basis for computing the strength of the shaft, and 

they give the true outlines of the femur at successive sections. 

The distal portion of the femur 

This portion includes all of the femur distal to section 52 

where the shaft begins to increase in gross area of cross section. 

1. Frontal section. Figure 25 shows the middle frontal :ec- 

tion through the femur. There are seen to be two main systems 

of trabeculae, a longitudinal and a transverse system. ‘The 

trabeculae of the former rise from the inner wall of the shaft 

and continue in perfectly straight lines parallel to the axis of the 

shaft and proceed to the epiphyseal line, whence they continue 

in more or less curved lines to meet the articular surface of the 

knee-joint at right angles at every point. Near the center 

there are a few thin, delicate, longitudinal trabeculae which 

spring from the longitudinal trabeculae just described, to which 

they are joined by fine transverse filaments that lie in planes 

parallel to the sagittal plane. 
The trabeculae of the transverse system are somewhat lighter 

in structure than those of the longitudinal system, and consist 

of numerous trabeculae at right angles to the latter. 
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As the distal extremity of the femur is approached the shaft 

gradually becomes thinner until the articular surface is reached, 

where there remains only a thin shell of compact bone. With 

the gradual thinning of the compact bone of the shaft, there is 

a simultaneous increase in the amount of the spongy bone, and a 

gradual flaring of the femur which gives this portion of the 

bone a gradually increasing gross area of cross section. 

Fig. 25. Frontal longitudinal mid-section of distal part of left femur. Taken 

from same subject as figures 21 and 24. (Natural size.) 
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There is a marked thickening of the shell of bone in the region 

of the imtercondyloid fossa where the anterior and posterior 

crucial ligaments are attached. This thickened area is about 

0.4 inch in diameter and consists of compact bone from which a 

number of thick trabeculae pass at right angles to the main 

longitudinal system. The inner structure of the bone is here 

evidently adapted to the efficient distribution of the stresses 

arising from these ligamentary attachments. 

Near the distal end of the femur the longitudinal trabeculae 

gradually assume curved paths and end perpendicularly to the 

articular surface at every point. 

Such a structure is in accordance with the principles of me- 

chanics, as stresses can be communicated through a frictionless 

joint only in a direction perpendicular to the joint surface at 

every point. 

2. Sagittal sections. The sagittal mid-section of the distal 

portion of the femur is shown in figure 26. It shows two sys- 

tems of trabeculae, which spring from the anterior and posterior 

portions of the compact bone of the shaft, which becomes thinner 

as the joint-surface is approached. Fine trabeculae are given off 

from the posterior part of the shaft and after crossing the cen- 

tral area in curving paths and perpendicularly in the anterior 

articular surface. 

The second system of trabeculae rises from the anterior part 

of the shaft about 3 inches from the Joint, and ends partly on 

the anterior, but chiefly on the posterior surface of the joint. 

These trabeculae all end in lines perpendicular to the joint- 

surface. 

3. Serial cross sections. ‘The serial cross sections from 52 to 

75, Plates 3 to 5 show the gradual increase in the gross cross 

sectional area of the femur as the knee-joint is approached. 

Taken with the longitudinal frontal and sagittal sections already 

described, these sections give a very clear idea of the internal 

architecture. Beginning with section 52 the amount of spongy 

bone gradually increases, but not until section 58 is reached is 

the entire inner area completely occupied by trabeculae. This 

corresponds closely with the longitudinal frontal section. As 
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the area occupied by the spongy bone increases the thickness of 

the shell of compact bone decreases, finally reaching a minimum 

in section 75. 

In sections 68 to 75 two systems of trabeculae are seen: 

one consisting of lines paralleling on either side of the center, 

the lateral and medial margins of the sections; the other, a sys- 

Fig. 26 Sagittal mid-section of distal end of femur. This is taken from the 

dissecting room specimen of normal structure, the upper end of which is shown 

in figure 23. (Natural size. ) 
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tem which is transverse to the first system, and which is arranged 

largely in the form of radial lines. 

4. Structural features. The essential features of the distal 

part of the femur are the following: 
1. Gradual increase in the total area of the cross section with 

practically no increase in the total equivalent area as compact 

bone, from sections 52 to 70 inclusive, as shown in table 5, 

column 7 (p. 235). 
2. The system of longitudinal trabeculae parallel to the longi- 

tudinal axis of the femur. These trabeculae are braced by two 

other systems of transverse trabeculae, which are practically at 

right angles to each other and to the longitudinal system. 

3. With practically no increase in the amount of bony ma- 

terial used, there is a greatly increased stability produced by the 

expansion of the lower femur from a hollow shaft of compact 

bone to a structure of much larger cross section almost entirely 

composed of spongy bone. 

PART V. SIGNIFICANCE OF THE INNER ARCHITECTURE OF THE 

FEMUR 

General 

In Part III the femur was analyzed in detail by the methods 

of applied mechanics for an assumed load of 100 pounds on 

the femur-head. Within the elastic limit of materials the 

stresses produced by any given load are proportional to the 

load: a load of 100 pounds will produce stresses one hundred 

times as great as those produced by a load of one pound. Hence 

the analysis based on the assumed load can be readily adapted 

by simple proportion to yield correct values of the stresses pro- 

duced by other loads, provided the elastic limit is not exceeded. 

For these reasons the lines of maximum stress within the 

femur are in the same position for a load of one pound or of 

100 pounds, or any other load that does not stress the bone 

beyond the elastic Jimit. As the elastic limit for almost all 

materials is about one-half of the ultimate or breaking strength 

of the material, these conclusions will apply to all loads ordi- 
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narily carried by the femur. The discussion of the factors of 

safety of the femur will be taken up in later paragraphs. 

The detailed description of the inner architecture has been 

given. The comparison of the mathematical analysis of the 
femur with the inner architecture of the bone will be discussed, 

the upper femur, shaft and distal portion being considered 

separately. 

Significance of the inner architecture of the upper femur 

1. Frontal sections. Figure 21 shows a longitudinal frontal 

section through the upper left femur, which is the mate of the 

right femur on which the mathematical analysis was made. 

In this mid-section the system of tensile trabeculae, which rises 

from the lateral (outer) part of the shaft and crosses over the 

central area to end in the medial portion of the shaft, neck and 

head, is clearly shown. This figure also shows the compres- 

sive system of trabeculae which rises on the medial portion of the 

shaft and crosses the central area to end in the head, neck and 

greater trochanter. By comparing the position of these two 

systems of trabeculae shown in figure 21 with the lines of maxi- 

mum and minimum stresses shown in figure 19, it is seen that the 

tensile system of trabeculae corresponds exactly with the posi- 

tion of the lines of maximum and minimum tensile stresses which 

were determined by mathematical analysis. In a similar man- 

ner, the compressive system of trabeculae in figure 21 corre- 

sponds exactly with the position of the lines of maximum and 

minimum compressive stresses computed by mathematical 

analysis. It may be explained, that the maximum compressive 

stresses are medial to the longitudinal axis; the minimum com- 

pressive stresses are lateral to the longitudinal axis. Also, the 

maximum tensile stresses are lateral to the longitudinal axis, 

and the minimum tensile stresses are medial to this axis. These 

relations are shown graphically in figure 19 a, in which the 

approximate intensity of the tensile and compressive stresses at 

various points is shown together with the direction in which 

these stresses act at the given points. 
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It has been shown that, im general, the trabeculae of the ten- 

sile system are lighter in structure than those of the compression 

system in corresponding positions. The significance of the dif- 

ference in thickness of these two systems is that the thickness 

of the trabeculae varies with the intensity of the stresses at any 

given point. Comparison of figure 21 (also see fig. 28) with 

figure 19 a, will show that the trabeculae of the compression system 

carry heavier stresses than those of the tensile system in corre- 

sponding positions. For example, the maximum tensile stress at 

section 8 (fig. 19 a) in the outermost fiber is 771 pounds per 

square inch, and at the corresponding point on the compression 

side the compressive stress is 954 pounds per square inch. Simi- 

lar comparisons may be made at other points, which will confirm 

the conclusion that the thickness and closeness of spacing of the 

trabeculae varies in proportion to the intensity of the stresses 

carried by them. 

As the trabeculae of both systems approach the level of the 

lesser trochanter, they become thinner and farther apart. The 

explanation for this lighter structure is seen in the much lower 

stresses in both systems in this region, as shown in figure 19 a. 

It will be seen that the trabeculae lie exactly in the paths of 

the maximum tensile and compression stresses (compare figs. 21, 

19 and 19a), and hence these trabeculae carry these stresses 

in the most economical manner. ‘This is in accordance with the 

well-recognized principle of mechanics that the most direct 

manner of transmitting stress is in the direction in which the 

stress acts. 

Further significance of the spongy structure of the upper femur 

The question may well be asked, Why should the head and 

neck of the femur be composed so largely of spongy bone, with 

a gradual transition to compact bone in the hollow shaft? Re- 

ferring to figure 16, it is seen that the amount of the vertical 

shear varies almost uniformly from a maximum of 90 pounds 

(90 per cent of the load on the femur-head) midway between 

sections 4 and 6, to a minimum of — 5.7 pounds at section 18. 
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The effect of vertical shearing force, as explained in Part II, 
(50), in such a structure as the femur, is to produce maximum 

horizontal shearing stresses and maximum vertical shearing 

stresses on the neutral plane. The magnitude of these maxi- 

mum shearing stresses on the neutral plane is about 1.4 times 

as great as the average vertical shearing stress on the entire 

cross section. Referring to table 5, column 6, it is seen that 

the equivalent area of the spongy bone, converted into terms of 

compact bone in the upper femur, varies from a maximum of 

0.816 square inch at section 4, to a minimum of 0.022 square 

inch at section 18. This gradual and consistent diminution of 

the spongy bone parallels the diminishing intensity of the ver- 

tical shear. Hence it may be concluded that one of the func- 

tions of the spongy bone in the upper femur is to resist the 

shearing forces and that the amount of the spongy bone in this 

region varies with the amount of the shearing stresses. 

Conclusions. It may therefore be concluded from the fore- 

going that: 

1. The trabeculae of the upper femur, as shown in frontal sec- 

tions are arranged in two general systems, compressive and ten- 

sile, which correspond in position with the lines of maximum 

and minimum stresses in the femur determined by the mathe- 

matical analysis of the femur as a mechanical structure. 

2. The thickness and spacing of the trabeculae vary with the 

intensity of the maximum stresses at various points in the upper 

femur, being thickest and most closely spaced in the regions 

where the greatest stresses occur. 

3. The amount of bony material in the spongy bone of the 

upper femur varies in proportion to the intensity of the shearing 

force at the various sections. 

4. The arrangement of the trabeculae in the positions of 

maximum stresses is such that the greatest strength is secured 

with a minimum of material. 

Significance of the inner architecture of the shaft 

1. Economy for resisting shear. The detailed description of 

the inner architecture of the femur has been given in a preceding 
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section. By referring to figure 16, it will be seen from the 

“Curve of vertical shear’ that the shearing forces are a mini- 

mum between sections 16 and 18, and for all points distal to the 

latter section the shearing force is the same as at section 18. 

Hence, for all points in the femur below this section the shearing 

stresses will also be very near a minimum. It is clear that a 

minimum amount of material will be required to resist the shear- 

ing stresses distal to section 18. As horizontal and vertical shear- 

ing stresses are most efficiently resisted by material placed near 

the neutral plane, in this region a minimum amount of material 

will be needed near the neutral axis. Referring to Plates 2 and 

3, sections 20-52, it will be seen that the cross sections have little 

if any material in the central space in the shaft, practically the 

only material near the neutral plane being in the compact bone, 

but lying at a distance from the neutral axis. This conforms 

to the requirement of mechanics for economy, as a minimum of 

material is provided for resisting shearing stresses where these 

stresses are a minimum. ‘The load of 100 pounds on the femur- 

head produces horizonta] and vertical shearing stresses on the 

neutral plane of — 11 pounds per square inch in all the sections 

distal to section 18 (table 6, cols. 12, 18). These stresses are 

amply provided for by the compact bone lying in the neutral 

plane. 

2. Economy for resisting bending moment. In figure 16, the 

“Curve of bending moments” shows that the amount of the 

bending moment increases from a minimum at section 4 to a 

maximum between sections 16 and 18, then gradually decreases 

almost uniformly to 0 near section 75. The measure of the re- 

sistance of a section to bending moment is the section modulus. 

To resist bending moment stresses most effectively the material 

should be as far from the neutral axis as possible. For equal 

areas the section moduli vary directly as the distance at which 

the entire area may be considered as concentrated. Hence the 

farther the material lies from the central axis the more effective 

its resistance to bending moment stresses. It is evident that the 

hollow shaft of the femur is an efficient structure for resisting 

bending moment stresses, all of the material in the shaft being 
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relatively at a considerable distance from the neutral axis. It is 

evident that the hollow shaft provides efficiently for resisting 

bending moment not only due to the load on the femur-head, 

but from any other loads tending to produce bending in other 

planes. 

3. Economy for resisting axial stress. The relatively small 

axial stress, which is compressive at all points in the femur and 

is uniformly distributed over the area of each cross section, is 

efficiently provided for by the compact bone of the shaft, as 

may be seen by reference to figure 18 and 18 a and table 6. 

4. Conclusions. From the foregoing it may be concluded that: 

1. The inner architecture of the shaft is adapted to resist in 

the most efficient manner the combined action of the minimal 

shearing forces and the axial and maximum bending stresses. 

2. The structure of the shaft is such as to secure great strength 

with a relatively small amount of material. 

Significance of the inner architecture of the distal part of the femur 

1. Relation between structure and function. The function of 

the lower end of the femur is to transmit through a hinged joint 

the loads carried by the femur. For stability the width of bear- 

ing on which the hinge action occurs should be relatively large. 

For economy of material the expansion of the end bearing should 

be as lightly constructed as is consistent with proper strength. 

in accordance with the principles of mechanics already discussed, 

the most efficient manner in which stresses are transmitted is by 

the arrangement of the resisting material in lines parallel to the 

direction in which the stresses occur and in the paths taken by 

the stresses. Theoretically the most efficient manner to attain 

these objects would be to prolong the innermost filaments of 

bone as straight lines parallel to the longitudinal axis of the 

bone, and gradually to flare the outer shell of compact bone out- 

ward, and continuing to give off filaments of bone parallel to 

the longitudinal axis as the distal end of the femur is approached. 

These filaments should be well-braced transversely and each 

should carry its proportionate part of the total load, parallel 
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to the longitudinal axis, transmitting it eventually to the articu- 

lar surface, in a direction perpendicular to that surface. 

Referring to figure 25, which shows the essential features of 

the lower femur in longitudinal frontal section, it 1s seen that 

the large expansion of the bone is produced by the gradual transi- 

tion of the hollow shaft of compact bone to cancellated bone, 

resulting in the production of a much larger volume. The tra- 

beculae are given off from the shaft in lines parallel to the longi- 

tudinal axis, and are braced transversely by two series of tra- 

beculae at right angles to each other, in the same manner as 

required theoretically for economy. This construction is an 

excellent illustration of the principle that a long, slender column 

(as a single trabecula) braced at frequent intervals, acts as a 

short column whose height is the distance between the braces. 

The strength of the femur where the spongy bone forms a large 

part of the cross section, is somewhat reduced, because the 

trabeculae are not capable of carrying quite as large stresses as 

an equal amount of bone in a compact mass. The material in 

spongy bone comprising the system of transverse bracing is not 

effective in carrying the stresses in a longitudinal direction, 

while in the compact bone practically all of the material is effec- 

tive in transmitting stress in a longitudinal direction. 

Referring to figure 17 (also see fig. 18), where the maximum 

unit-stresses in the femur are given in diagrammatic form, for a 

load of 100 pounds on the femur-head, it will be seen that the 

maximum unit-stresses at section 52 are 817 pounds compres- 

sion and 465 pounds per square inch tension, on the medial and 

lateral sides, respectively. It will be seen that the intensity of 

these maximum unit-stresses decreases rapidly to 356 pounds 

compression and 8 pounds per square inch tension, respectively 

at section 64. Distal to this section (64) the stresses on both 

medial and lateral sides of the neutral axis becomes compressive 

and gradually approach the value of 65 pounds per square inch 

uniformly distributed over section 75. 

The actual compressive strength of the lower femur decreases 

gradually as the compact bone is replaced by spongy bone. This 

decrease in strength roughly parallels the decrease in the inten- 
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sity of the maximum unit-stresses as the distal end is approached. 

The considerable increase in the gross area of the transverse 

sections of this portion of the femur is secured with practically 

no increase in the amount of bony material in these sections until 

section 72 is reached. While the direct compressive strength of 

the lower femur is somewhat decreased by the change to spongy 

bone, the stiffness or resistance to bending in any direction is 

increased greatly. The stiffness of the femur at section 75 is 

more than five times as great as that of section 52, although the 

area of the cross section in terms of compact bone is only slightly 
more than double that of the latter. In the distal portion of 

the femur in which the expansion takes place, there is no increase 

in the amount of bony material used until the lowermost 1.25 

inches is reached. 

A well-recognized principle in mechanics is illustrated by the 

expanded lower end of the femur, by means of which the load 

transmitted from the femur to the tibia is evenly distributed 

over an area much greater than that of the shaft through which 

the load has passed, thereby reducing the danger of rupture at 

the joint. This is analogous to the foundation of large area 

upon which all columns rest, in order to distribute the concen- 

trated load over an area having a comparatively low supporting 

power. By means of this expanded bearing there is greater 

stability at the joint, and greater resistance against lateral 

bending. 

2. Conclusions. 1. The inner architecture of the distal por- 

tion of the femur is well adapted for the diminishing intensity 

of the direct stresses, to which it bears a somewhat parallel 

relation. 

2. The loads transmitted through the femur are distributed in 

a manner that conforms to the requirements of mechanics in 

securing strength and stability with economy of material. 

3. The inner structure of this portion of the femur is economi- 

cally adapted to the mechanical requirements of this portion of 
the femur. 
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Summary—laws of bone structure 

In the preceding paragraphs of this section it has been shown 

that in every part of the femur there is a remarkable adaptation 

of the inner structure of the bone to the mechanical requirements 

due to the load on the femur-head. The various parts of the 

femur taken together form a single mechanical structure wonder- 

fully well-adapted for the efficient, economical transmission of 

loads from the acetabulum to the tibia; a structure in which 

every element contributes its modicum of strength in the man- 

ner required by theoretical mechanics for maximum efficiency. 

It has been indicated that, in each of the arbitrary divisions 

into which the femur was divided for clearness of discussion, 

the internal structure is everywhere so formed as to provide in 

an efficient manner for all the internal stresses which occur due 

to the load on the femur-head. Throughout the femur, with 

the load on the femur-head, the bony material is arranged in 

the paths of the maximum internal stresses, which are thereby 

resisted with the greatest efficiency, and hence with the maxi- 

mum economy of material. The conclusion is inevitable that 

the inner structure and outer form of the femur are governed 

by the conditions of maximum stress to which the bone is sub- 

jected normally by the preponderant load on the femur-head; 

that is, by the body weight transmitted to the femur-head 

through the acetabulum. In the normal individual the maxi- 

mum load on the femur-head occurs in running. 

In this paper it has been shown that the femur obeys the 

mechanical laws that govern other elastic bodies under stress; 

the relation between the computed internal stresses due to the 

Joad on the femur-head, and the internal structure of the dif- 

ferent portions of the femur is in very close agreement with the 

theoretical relations that should exist between stress and struc- 

ture for maximum economy and efficiency: and therefore, it is 

believed that the following laws of bone structure have been 

demonstrated for the femur: 

1. The inner structure and external form of human bone are 

closely adapted to the mechanical conditions existing at every 

point in the bone. 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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2. The inner architecture of normal bone is determined by the 

definite and exact requirements of mathematical and mechanical 

laws to produce a maximum of strength with a minimum of 

material. 

Further, the observations here recorded for the femur, the 

largest and heaviest bone of the body, must in a general way 

hold true for all the bones of the bodv: else we must assume 

the absurd conclusion that the structure of the femur is in con- 

formity with mechanical laws and the other bones are based 

upon other unknown laws. The numerous experiments by Rau- 

ber and Messerer in testing human bone to destruction have 

shown that the physical properties of all the larger bones of the 

body are substantially the same. Hence, the laws formulated 

above for the femur must hold in general for all the bones of the 
body. 

PART VI. MISCELLANEOUS AND CONCLUSIONS 

The factor of safety in the human femur 

Factor of safety, working stress. ‘To assure the safety of any 

structure there must be no danger of breaking in any part un- 

der the heaviest loads for which the structure is designed. The 

greatest stress induced in any part of a structure by the heavi- 

est loads which it will be called upon to carry must never ap- 

proach the breaking strength of the material. The working 

stress for any material is that unit-stress (pounds per square 

inch, kilograms per square centimeter) which has been found safe 

to permit in that material and provide a necessary degree of 

security against breaking. Usually working stresses are de- 

termined by experiment. The working stress is the unit-stress 

employed in determining the sizes of structural members of 

any given material. The factor of safety is the ratio of the 

ultimate strength of the material to the working stress. 

In the design of structures the purpose of the factor of safety 

is to guard against the unavoidable defects in the structural 

material employed which might reduce the ultimate strength 

of the material, and also to provide for the possibilty of an 

unforeseen increase in the load to be carried. In wooden struc- 

tures the factor of safety is usually about 10, in steel from 4 to 5. 
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It has been shown in Part III that in the erect, standing atti- 

tude the load resting on each femur could be taken at three- 

tenths the body weight: and in walking the loaded femur carried 

approximately eight-tenths of the body weight. In walking the 

load is carried alternately by the femurs, and it may be assumed 

that the load is cushioned by the padding of the feet and by 

muscle action so that it acts practically as a load gradually 

applied and produces the same effect as a static load of the 

same amount. 

In running, jumping and falling, it is clear that the effect of 

such suddenly applied loads on the femur-head is greater than 

that due to standing or walking. It is a general principle of 

mechanics that the stresses produced by a suddenly applied load, 

without impact, are Just double those produced by a gradually 

applied, or a static load of the same amount. Hence, if allow- 

ance is made for the cushioning effect of the padding of the feet 

and the resilience of muscles, ligaments, etc., as previously 

shown in Part III, the stresses produced in running may safely 

be taken as twice as great as those produced by walking. The 

femur is therefore considered to be stressed in running, as 

though it carried double the static load in walking, or a load of 

1.6 times the body weight. 

In jumping the stresses are still further increased by the 

impact of the body, which is suddenly brought to a stop. The 

velocity which the body attains just before striking determines 

the amount of the impact. The stresses produced by impact, 

as In Jumping or falling, may be enormously greater than in 

walking or running. Probably few fractures occur without the 

element of impact being involved to a marked degree. As the 

mechanical analysis of the stresses due to impact holds only 

for stresses within the elastic limit, the large stresses due to 

impact are difficult to analyze. Impact may produce dynamic 

stresses many times as great as those produced by the static 

load alone. In the body the effect of impact is often offset to a 

greater or less degree by the involuntary flexing of the body at 

hips, knees and ankles as well as by the muscle tonus. For these 

reasons, probably, relatively few fractures result from the impact 

due to high jumps and falls. 
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In the femurs studied, the body weight being 200 pounds, the 

load carried by the loaded femur under various conditions dis- 

cussed is as follows: 

CONDITION EGE ean EnTe WEIGHT 

pounds 

SIUC Oda crescent en ne a aa OMe eae 0.30 60 

Wraillcimio: spook se re ieee roneta sto hie 0.80 160 

Lng boobahhal Wee MMetars aaah Merwe one ed o.n oOo aor 1.60 320 

PRLEPN TSU e. afer st, cyte tars a, cove eb eeel tee Sc Variable, but greater than for 

running 

1 SH DSR ae aati cre ete tated tan a clk Rn a Variable, but greater than for 

running 

This furnishes a basis for an approximation of the factor of 

safety in the femur. By referring to figure 17 it is seen that 

the greatest unit-stresses in both tension and compression oc- 

cur at section 8, which is therefore the weakest section of the 

entire femur, when carrying a load on the femur-head in the 

normal manner. The maximum stresses at section 8 for a load 

of 100 pounds on the femur-head are 1310 and 974 pounds per 

square inch, in compression and tension, respectively. The 
maximum stresses, under normal conditions, are those due to 

running and are equal to those produced by a static load of 320 

pounds on the femur-head. The maximum stresses at section 8 

due to the load of 320 pounds will be 3.2 times as great as for the 

100-pound load; or 4192 and 3117 pounds per square inch in 

compression and tension, respectively The excellent physical 

condition and comparative youth of the subject from whom the 

femurs analyzed were taken, warrants using the higher values 

of the ultimate strength of compact bone, as determined by ac- 

tual tests by Rauber and other investigators. For this reason 

in the determination of the factor of safety of the femurs analyzed 

the values 24,000 and 17,700 pounds per square inch in compres- 

sion and tension, respectively, will be used. The factor of safety 

at section 8 will be the smaller of the values found by dividing 

the ultimate strengths of compact bone by the maximum stresses 

at this section. The factor of safety in compression is thus found 

to be 5.71, and for tension it is 5.68; therefore the factor of safety 
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for the stresses due to running is 5.68, which is also the factor 

of safety of the entire femur as it is the factor of safety of the 

weakest section of the femur. 

The middle third of the femur is more exposed to injury from 

blows, falls and other accidents than other parts of the femur. 
For this reason the factors of safety of the bone in this region 

will be of considerable interest. Referring to figure 17, it will 

be seen that in sections 20 to 44, comprising the middle third, 

the unit-stresses are relatively high and at sections 20, 28 and 

36 approach the maximum values reached at section 8. Based 

on the ultimate strength of compact bone at 24,000 and 17,700 

pounds per square inch for compression and tension, respectively, 

the following factors of safety are found for the various sections 

of the middle third for the stresses due to running: 

The minimum factor of safety is 5.98 at section 28; the maxi- 

mum factor of safety in this region is 7.68 at section 44: the 

average value of the factor of safety is 6.60. Thus the factor of 

safety in the middle third is from 6 to 35 per cent greater than 

at the weakest section in the neck of the femur. These factors 

of safety are all based on the stresses due to running, with the 

load on the femur-head as in life. 

Blows striking the femur will be at an angle to its axis, the 

maximum destructive effect being produced when the blow is 

directed at right angles to the axis of the bone. In the standing, 

walking and running positions nearly all blows will be received 

from a direction other than medial. Hence, such blows will tend 

to produce bending in the femur in a direction opposite to that 

produced by the load ecarred on the femur-head, so that these 

bending stresses of opposite character tend to balance each 

other. 

In figure 27 the factors of safety in successive sections of 

the femur are shown for the stresses due to running. ‘Those 

due to walking and to the standing position are proportionally 

larger and therefore need not be shown. 

In the figure the positions of the heavier concentrations of 

stress in the femur due to muscle action are shown as follows: 

at the greater trochanter, where the glutei, quadratus femoris 
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and the group of smaller rotator muscles are inserted: at the 

lesser trochanter, where the ilio-psoas muscles are Inserted: and at 

the distal part of the femur, where the gastrocnemius and adduc- 

tor magnus muscles are inserted. It is very important to note 

that at these points of concentration of muscle action the factors 

Fig. 28 Frontal longitudinal mid-section of upper femur. Dissecting room 

specimen. Taken from a femur picked up at random in the dissecting room. 

The analytic description given in the text for figure 21, applies to this section. 

(Natural size.) 
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of safety are in every case greater than in the adjacent sections. 

The increase in the factor of safety to about 10 in the region 

of the lesser trochanter is small as compared with the increase 

at the other points of concentration, and is to be accounted for 

by the fact that the muscle action here produces a tensile stress 

in the bone which is opposite in character to the compressive 

internal stress produced by the load on the femur-head. Hence, 

the two stresses tend to balance each other. 

In the region of the greater trochanter the internal stress 

due to the muscle action is tensile as are also the internal stresses 

in this region due to the load on the femur-head: in this region 

it is seen that the factor of safety varies from 10.00 to 15.85, 

although in the neck where no muscles are attached the factor 

of safety is only 5.68. 

At the distal end of the femur the factor of safety progres- 

sively increases as the extremity is approached. ‘The increase 

follows approximately the magnitude of the muscles attached. 

From a study of figure 27 it is evident that the larger 

muscles exert considerable influence on the structure of the 

bone as shown in the discussion above, and it is clear that ad- 

ditional strength is provided at the points where the larger mus- 

cular loadings occur. The actual factor of safety, therefore, is 

much more uniform for the normal load transmitted through 

the femur-head than is indicated by the curve plotted for the 

factor of safety in this figure. 

It may be concluded that blows received with the femur carry- 

ing a load as in standing, walking or running, the maximum 

effect. will be produced by a blow from the medial side and the 

minimum effect by a blow from the lateral side of the loaded 

femur. 

It is evident from the larger factors of safety in the middle 

third that there is greater relative strength to resist blows at 

the middle third than in the upper femur. 

The factor of safety of the femur for the greatest stress due 

to running has been shown to be 5.68; for walking it will be 

11.36 and for the standing position it will be 30.30: these values 

are based on maximum values of the ultimate strength of bone. 
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Confirmatory data 

1. Agreement of analysis with breaking tests. The analysis of 

the femur presented in the foregoing pages is in agreement 

quantitatively with the work done on the femur experimentally 

by Rauber (’76) and by Messerer (’80). 

1. Breaking loads in tests on the femur made with testing 

machines by Messerer, with the load applied at the head of the 

femur and parallel to the axis of the bone were as follows: 

Pew CAT sl Ce WON AM bec Phot a Ceiag ets) ost ch, wieje ahs 1350 kilos = 2970 pounds 

BPAY CAL Old IMAM eerie eae hte ee keys 850 kilos = 1870 pounds 

78-year old man (heavy boned).............. 850 kilos = 1870 pounds 

S2-vear old wOmMane snc. Saicwenie ee la wees 450 kilos = 990 pounds 

The calculated breaking load on the femur I analyzed in this 

paper would be 5.68 times 320 pounds or 1820 pounds. (The 

factor of safety being 5.68). 
2. The loads at the middle required to break the femur in 

cross-bending tests made by Messerer are as follows: 

PEC ATEOLG SANT y5 1. leyAie 8.x) <02°5,5 treaties Here tees 750 kilos = 1650 pounds 

STA SLO) Ko (ree Oe ae aide Oe oe Reais 875 kilos = 1930 pounds 

ey Gate Ol mT alarm sac, fa Ae cta ta l-aaasee os Peete 1300 kilos = 2850 pounds 

HET Calo dls WOME ei aera cet ole, cpa aeeetoe Se 1100 kilos = 2420 pounds 

PA-VeENE Old. WOM: 124) .ck.slos crak foi ce = Slee 875 kilos = 1930 pounds 

The calculated breaking load in cross bending for the femur 

I analyzed is as follows, based on an ultimate tensile strength 

of 17,700 pounds per square inch; and an ultimate compression 

strength of 24,000 pounds per square inch: 

Magee tnt Al sp VANNC fe o65.206 dese (8 Sr ci ehccovarss 2 5 7s aa eee 2000 to 3200 pounds 

Inecaoubtaleplame ncaa te terse cnet 2440 to 3310 pounds 

The variations in the amount of the calculated load required 

to cause breaking is due to the variation in the resisting strength 

of the femur in the different planes about the axis of the femur. 

There is very close agreement between these two series of 

tests and the calculated strengths based on my analysis. This 

agreement is as close as is to be expected in the case of other ma- 

terials which are tested in a similar manner, such as steel, 

wood, ete. 
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3. Actual tests of the compact bone of the left femur analyzed 

in this paper (shown in figs. 21, 24 and 25) were made by me 

in the engineering testing laboratory of Johns Hopkins Uni- 

versity. Pieces 13 inches long having a cross sectional area of 

0.25-0.33 square inch broke at a maximum compression of 

25,100 pounds per square inch. 

4. If we compare the calculated maximum stresses as shown 

in figure 18 with the ultimate strength of compact bone in ten- 

sion and in compression as determined by actual tests, a remark- 

able agreement is found in the ratios of the maximum tensile 

and compressive stresses. The ratio of the maximum tensile to 

the maximum compressive stress at successive sections of the 

femur (fig. 18) is everywhere less than 1.0 except at section 16 

where the ratio is 1.010, at all other sections the ratio is be- 

tween the limits of 0.926 at section 18 and 0.324 at section 60. 

The average of all the ratios of maximum tensile to maximum 

compressive stress is 0.652. The tests made by Rauber (1876) 
showed the ultimate strength of compact bone from 13,200 to 

17,700 pounds per square inch for tension, and 18,000 to 24,000 

pounds per square inch for compression. The ratios of these 

ultimate strengths are 0.733 to 0.738. The substantial agree- 
ment of the ratios of these theoretical tensile and compressive 

stresses with the ratio of the actual ultimate tensile and com- 

pressive strengths is of considerable value in checking the ac- 

curacy of the mathematical analysis quantitatively. 

2. Distribution of fractures of the femur. Calculated proba- 

bility of distribution of fractures of the femur. The theory of 

probability may be applied to the femur for the purpose of 

determining in what ratio fractures from blows should occur in 

various regions. Without entering into detail, such a study 
involves the assumption of the following rational premises: 

1. The tendency for a fracture to occur at any point varies 

inversely as the least strength of the bone at that point. 

2. Blows of the same intensity are equally apt to be received 

at any point along the femur. Although blows may vary in 

intensity, they are equally distributed. 
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3. The tendency to break at any point varies directly as the 

distance from the nearer support to the given point, the femur 

being assumed to be supported at both ends. 
Upon these assumed conditions, calculations of the distribu- 

tion of the breaks occurring from blows on the femur, reduced to 

percentages are as follows: 
PER CENT 

INE CKeOL LOMUUIT se Sy oite os seat rome tree US ISENG oresteb ans Rtas cre eumeners ala] epson. 4.2 

Wpper third (exclusrvetot meck)ies-.- a0. 02. 2-2-5 cane eee ees cselerts 19.0 
INTING UCD Evie ot trys kere one Ahn i ae er ar aersees a tet oe og Gia oie o 60.2 

ME OWE Ty GLUT Clive. ciace eae tore Sh nO aeons generis aucano sor sre une aor susie tens 16.6 

100.0 

A large number of breaks occurs in the neck from causes other 

than blows at an angle to the axis of the femur. For this reason 

consideration of the fractures in the neck will be omitted in this 

study. Then there results the following calculated distribution 

of fractures of the femur exclusive of those of the neck: 
PER CENT 

AUS GIG petra s ietateve Mite, o Lcicit, « «stares rctery rns Se wo Server isle moet ssunenters 19.9 

TWN GG K GW ey Te OTE ka ey ee et RRA IC Bee PCN Sh ne aie oe cumin ie 62.9 

IE ORR HCaIe HL Ao Leer, Biche Sea V ECS eats SOROS Sor ER RARER ce tee Oa oO ES OGIO ly 7 

100.0 

The statistics of the location of fractures of the femur as given 

by Hyde (’75) for Bellevue Hospital are as follows: 
PER CENT 

(ONG GSS Son, Mra ah an 2 ens es ete 0 ee ae SPE SR AEE 61) 
Wiper thirdi(exclusivie: of neck)iee-5.10.s.-8: sedeea- oe. OF 14.0 

Aa MILs ENT CH as ayspese teeter eo cates We oy ods DO voile ava eae coa ergy Seas 168 69.8 
ower third Gucluding 7 condyles): ...: 52.252. 257 2+ c+: 39 16.2 

241 100.0 

Similar statistics given by Hamilton, quoted by Stimson (12), 

are as follows: 
PER CENT 

NCC R se i one rey ae RSV SHSUCT INTE ays cl eee om ore outa arctan 84) 

OED PENS RUM Ch eta crctencees see. Cr Rance ccc eta ya nie ie, oy ees tiated che 30 19.6 

Miro dle stir dys 3 We esis oe ake te crervronenel te Siete hous Stereyetae 86 56.7 

IDO Nstearl obU Ro keene SeMENNS Ric ICNRInIR NEEL AERB CO mica oIa. cco CDE 36 23.7 
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If we combine these statistics of these two investigators we have 

the following: 
COMBINED COMPUTED 

PER CENT PER CENT 

Ripper third: 2 sete) ik tcin eect. 64 16.3 19.9 

ixcalle thimd!s oz <ppeayhee rey eee toe Se eles 254 64.6 62.9 
Power Gin. sce trons fcr ete taste shatters (5) 19.1 I for 

393 100.0 100.0 

The close agreement of the actual distribution of breaks of the 

femur with that determined by the application of the mechani- 

cal principles and the laws of probability, as I have indicated, 

is such as to be at least very suggestive as to the correctness of 

the analysis. 

3. Summary. My analysis of the femur is found to be in 

agreement with the tests on longitudinal breaking and cross- 
breaking tests on femurs made carefully by Messerer: the com- 

puted maximum unit-stresses in the femur are closely parallel 

to the ultimate strengths of compact bone as determined by Rau- 

ber: the statistics of the location of fractures in the femur are 

very near the calculated distribution based on this analysis of 

the femur; and my own breaking tests on one of the femurs 

analyzed are in close agreement with Rauber’s tests. 

These independent checks on the soundness of this analysis 

of the femur, and the consistency of the quantitative relations 

established throughout, afford the strongest confirmation of the 

accuracy of the computations and the correctness of the appli- 

cations of the principles of mechanics to this problem. 

General comments 

The doctrine of the functional form of bone, with its coral- 

lary of the functional pathogenesis of deformity, advanced by 

Wolff, and maintained by him with rare courage and persistence 

for so many years, is confirmed mathematically for the first time 

by the studies presented in this paper, for the structure of nor- 

mal bone. ‘To confirm the doctrine of the functional pathogene- 

sis of deformity mathematically, there is needed only the appli- 

cation of the principles and methods used in this paper to the 
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analysis of a suitable deformed bone, together with the clinical 

history of the case. The establishment of Wolff’s doctrines upon 

a sound mathematical foundation should lead to a wider recog- 

nition of their importance and value both from the standpoint 

of the correction as well as of the prevention of deformity. 

Homogeneity of spongy and compact bone 

Gebhardt (’01) has advanced a number of ingenious arguments 

tending to prove that the spongy bone is not homogeneous with 

compact bone as a structural material and that they do not act 

together as a homogeneous structure. The close inter-relations 

between the spongy and the compact bone in the upper and lower 

femur, described in detail in Part IV, and the significance of 

their morphology described in Part V, proves that compact and 

spongy bone act together as a homogeneous structure. The 

analysis in Part III makes clear that unless the spongy bone 

possesses relatively the same strength as compact bone (weight 

for weight) these two types of structural material could not act 

together to form a homogeneous structure. 

Summary 

The general principles of applied mechanics and graphic stat- 

ics are presented in brief form in Part II, and their practical 

application to the analysis of the structure of bone, and es- 

pecially of the femur, is indicated and illustrated by specific 

examples. 
The detailed mathematical analysis is made of the mechanics 

of the femur of a man in normal health who was accidentally 

killed and whose weight was 200 pounds. The structural prop- 

erties of the femur sections are analyzed by graphic methods 

and the results shown in tables as well as by diagrams. The 

effect of an assumed load of 100 pounds acting on the femur- 

head in the same direction as the weight of the body, under 

normal conditions, is analyzed at intervals of 4 inch in the ex- 

tremities of the femur and at 1l-inch intervals in the shaft. The 

amounts of the various stresses are computed for the assumed 
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weight. The paths and amounts of the maximum internal 

stresses are computed in this normal femur and demonstrated to 

agree exactly with the position of the trabeculae in the upper 

femur. 

The load on the femur-head in the normal, standing position 

is 0.3 of the body weight (on each femur): in walking, the weight 

carried alternately by the loaded femur-head is approximately 

0.8 of the body weight: in running, the dynamic effect of the 

sudden application of the load produces stresses twice as great 

as in walking, or the effect is the same as double the static load 

of walking, or 1.6 times the body weight. In the particular 

case analyzed, the body weight being 200 pounds, the stresses in 

the loaded femur due to standing, walking and running are those 

due to a load on the femur-head of 60, 160 and 320 pounds, 

respectively. 

Hence, to determine the stresses produced in standing, walk- 

ing or running, the stresses produced in the femur at any section 

by the assumed load of 100 pounds are multiplied by 0.6, 1.6 

and by 3.2, respectively. 

The femur is shown to have the external form and internal 

structure to resist economically the stresses produced by the 

preponderant load, which is that on the femur-head due to the 

body weight in running. ‘The spongy structure of the head of 

the femur resists in the most economical manner the vertical 

and horizontal shearing stresses which are greatest in the head 

and neck. In the shaft, where the shearing stresses are a mini- 

mum and the stresses due to bending moment relatively large, 

the compact bone of the hollow shaft resists these stresses most 

efficiently because the greater the distance of the bone from the 

neutral plane the greater the resisting strength of the bone. Fi- 

nally, the large expansion of the lower end of the femur, to render 

the hinge-action of the knee joint strong against lateral bending, 

is produced by the transition of the compact bone to spongy 

bone requiring but a slightly greater amount of bony material 

for greatly increased stiffness. Thus the compact and spongy 

bone act in unison to produce the maximum of strength with the 

minimum of material. 
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Everywhere the inner structure of the femur agrees closely 

with that required by the static conditions imposed upon the 

bone by the preponderant load on the femur-head. In running 

the factor of safety of the normal femur analyzed is a minimum 
at the narrowest part of the neck, where it is 5.71 for compres- 

sion: for tension, the factor of safety at this section is 5.68. 

These factors of safety depend upon the maximum strength of 

bone as determined by tests which give the ultimate strength 

of bone in compression at 24,000 pounds, and in tension 17,700 

pounds per square inch. The factor of safety in the middle third, 

which is most exposed to violence, is somewhat greater than in 

the neck of the femur, being between 5.98 and 7.68, with an 

average value of 6.60. These factors of safety are based upon 

the maximum stresses that occur normally, which is assumed to 
be when running. 

The factor of safety of the femur as a single structural ele- 

ment of the skeleton is determined by the strength of the weak- 

est section with respect to the normal maximum stresses at that 

section. The weakest section of the femur with respect to the 

maximum stresses that occur at the various sections is in the 

narrowest part of the neck of the femur, about 2 inches from the 

head measured along the axis of the bone. At this section, 

which, therefore, determines the factor of safety of the entire 

femur, the factor of safety for the stresses due to running is 

5.68; for the stresses due to walking the factor of safety is 11.36 

and for the standing position it is 30.30. 

The analysis of strength as outlined agrees with the actual 

breaking strengths of femurs made by Messerer, for the loads 

applied to the femur-head in the same direction as in life. The 

analysis is also in agreement with Messerer’s breaking-tests on 

femurs by applying loads to the middle of the bone, which is 

supported at both ends. 

Compression tests were made of the compact bone of one of 

the femurs analyzed in this paper and the breaking strength 

was found to be 25,100 pounds per square inch. 

Statistics of the location of fractures of the femur in two inde- 

pendent series of 241 and 152 fractures, as given by Hyde and 
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Hamilton, respectively, are shown to agree very closely with the 

proportionate distribution of fractures according to the laws of 

probability, as applied by the writer to the femur. 

General conclusions 

The evidence presented in this paper is believed to warrant 

the following conclusions: 

1. The normal external form and internal architecture of 

the human femur results from an adaptation of form to the 

normal static demands, or normal function of this bone. 

2. The proportions of the femur are everywhere such as to 

show a definite mathematical relationship between the body 

weight, and the internal structure of the bone: there is a defi- 

nite relation between the structure and the stress at every 

point. 

3. Spongy bone is homogeneous with compact bone as a struc- 

tural material and differs from it mechanically only in possessing 

smaller strength approximately in proportion to its density as 

compared with compact bone. 

4. The femur has a factor of safety of 5.68 for the stresses 

due to running, 11.36 for the stresses due to walking, and 30.30 

for the stresses due to standing. The weakest section for re- 

sisting the stresses due to loads on the femur-head is in the 

neck of this bone. 

5. The structure of the femur is based upon the mathematical 

requirements of mechanics and the inner architecture is such 

as to produce great strength with a small amount of material 

and the disposition of the material at all points corresponds to 

the stress requirements at those points. 

6. The general law of bone, the adaptation of form to function, 

holds true mathematically and mechanically in the normal 

human femur, and therefore for all other normal human bones. 

Special conclusions 

1. A foundation is laid for the study and mechanical analysis 

of the spongy bone entering into the structure of other parts of 

the skeleton, by the application of the principle that spongy 
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bone and compact bone are homogeneous materials and differ 

chiefly in strength approximately in proportion to their densities. 

2. The thickness and closeness of spacing of trabeculae in 

bone vary directly with the intensity of the stresses transmitted 

by them. 

Applications 

If the mechanical structure of bone is correctly understood, 

the repair of fractures and the general treatment of bone diseases 

and deformities may be handled with greater efficiency and the 

proper prophylactic measures against deformity may be under- 

taken with greater hope of success. 

The theory of the functional form of bone proposed by Wolff’ 

and also by Roux (81) with that of the functional pathogenesis 

of deformity, though long supported by abundant clinical evi- 

dence and practically applied by many surgeons and orthope- 

dists as a working basis in the treatment of deformities, has been 

the subject of so much controversy that much confusion has 

arisen as to the value of the theory in every-day practice. 

The mathematical demonstration of the relation between the 

form and the function of bone under normal conditions as pre- 

sented in this paper is believed to place this theory upon a sound 

foundation. The close adaptation of the structure of normal 

bone to its function leads logically to the conclusion that con- 

tinued deviation from the normal static conditions to which a 

bone is subjected must be followed by a structural adaptation 

to meet the changed conditions (altered function). 

Whether the persistent altered static (mechanical) conditions 

in the bone be due to fracture, bone disease, paralysis followed 

by postural changes, or other causes, the fundamental mechani- 

cal principles apply with equal force: transformation of the 

inner structure of bone takes place, and the inner structure of 

the bone is altered with mathematical accuracy to conform to 

the new mechanical conditions usually with a high degree of 

economy. 

Fractures unite without deformity when there is good co- 

aptation because in such a case the original mechanical condi- 
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tions are restored and there is no need for excess bony material 

for resisting the normal stresses. However, if co-aptation is not 

secured and there is a gap between the fractured ends of the 

bone, union usually takes place with more or less shortening and 

the gap is bridged in the most economical manner that the altered 

positions of the parts of the bone will allow. The increased 

amount of material is required because of the greater stresses 

produced at the fracture. 

In diseased bone the gradual weakening of the bone is followed 

by changes in form in accordance with mechanical laws: wherever 

the stresses in the bone exceed the strength of the bone distor- 

tion occurs until equilibrium of these torces is attained. It is 

clear that the essential in such cases to prevent deformity is 

by relieving the overloaded structure as completely as possible 

of all loads. 

Postural variations from the normal produce increased stresses 

in certain regions and in others decreased stresses; if persist- 

ent, such variations will produce corresponding changes in the 

inner structure of the affected bones. In many instances there 

results a progressive increase of deformity until a condition of 

equilibrium is reached. 
Whenever, from any cause a persistent change occurs in the 

manner in which loads are transmitted to the various parts of 

the skeleton an adaptive change must occur in the inner archi- 

tecture of the bones in which these altered conditions exist. 

In the same manner that the application of this principle ex- 

plains the production of deformity, it may be used to explain 

the cure of deformity. The proper mechanical means of im- 

posing new mechanical conditions by which the original struc- 

ture of bone may be restored is by the use of braces, jackets, or 

other suitable means which over-correct the deformity, and re- 

verse the transformation process. 

These results, so commonly secured by the orthopedic sur- 

geon, depend upon the mathematically exact adaptation of the 

living bone to the mechanical conditions imposed persistently 

upon it by whatever cause or causes, and the necessary struc- 

tura] re-arrangements are usually attained with great economy 

of material. 
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PLATES 1-5. 

Plates 1-5 are serial transverse sections of the right femur of the same sub- 

ject whose left femur is shown in longitudinal frontal section in figures 21, 24 

and 25 and in outline in figures 14, 18,19and19a. Figures 14, 16, 17, 18, 19, 19 a, 

20 and 27 and tables 5 and 6 are based upon the combined mechanical analysis 

of both these femurs; and the numbers of the sections in Plates 1-5 correspond 

in position to the similarly numbered lines in these figures and tables. Full 

details of the methods followed in the preparation and study of these sections 

are given in Part III under ‘Analysis of the mechanical properties of the femur,’ 

p- 227. (All sections are natural size.) 
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THE DEVELOPMENT OF THE SCALA TYMPANI, SCALA 

VESTIBULI AND PERIOTICULAR CISTERN IN 

THE HUMAN EMBRYO 

GEORGE L. STREETER 

Department of Embryology, Carnegie Institution of Washington, Johns Hopkins 

Medical School, Baltimore, Maryland 

NINE FIGURES 

The study of the development of the large walled-off con- 

nective tissue spaces that surround the membranous labyrinth 

is particularly interesting in that it shows that they have a very 

definite morphological individuality. It is evident at least 

that they are not to be considered as insignificant accessories 

that merely fill in the waste intervals between the membranous 

labyrinth and the surrounding cartilage or bone. On the con- 

trary, they have characteristics which are in many respects 

as definite and constant as those of the ossicles themselves. The 

individuality of these spaces in all respects is most marked. 

They make their appearance at a definite stage in the develop- 

ment of the embryo; they are formed at definite places; they 

pass through a series of definite histogenetic processes; they 

spread in a definite order and manner and eventually they at- 

tain a definite form and structure. The general morphology 

and relations of these spaces during their developmental period 
will be described in the following paper, and the opportunity 

will be taken to point out in the course of the description some 

of these individualistic features. 
Instead of designating the large spaces surrounding the mem- 

branous labyrinth as perilymphatic spaces, as has been the 

general custom since the time of Breschet 1833, they will here 

be spoken of as perioticular or periotic spaces. The use of the 
term ‘periotic’ avoids the confusion arising from the incorporation 

of the word ‘lymphatic’ in the terminology. The present ten- 
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dency is to restrict the use of the word ‘lymphatic’ to the lym- 

phatie vascular system and its associated structures, with which 

these particular spaces have no known connection, either in 

their origin or in their ultimate relations.'. We shall therefore 

speak of a periotic connective tissue that everywhere surrounds 

the epithelial portion of the labyrinth. This connective tissue 

includes, in part the fine-meshed periotic reticulum, and in 

part the large walled-off perioticular spaces to which belong the 

vestibular cistern, the scala vestibuli and the scala tympani 

with whose development we are primarily concerned. 

MATERIAL AND METHODS 

The observations that are recorded in this paper are all based 

on human embryos and cover the period included between 

embryos 35 mm. and 130 mm. CR length, which is approxi- 

mately equivalent to the period between the ninth and sixteenth 

week of fetal life. 
To facilitate the determination of the form and relations of 

the spaces, wax-plate models of the membranous labyrinth 

and the surrounding spaces were reconstructed after the Born 

method. Advantage was taken of the improvements in the 

method recently devised by Lewis 1915.2. The serial sections 

were photographed at a suitable enlargement on bromide paper. 

By means of a preliminary model of the membranous labyrinth, 

the necessary reconstruction lines were established and inscribed 

on the bromide prints. From these prints then the membran- 

ous labyrinth and the perioticular spaces were traced on wax- 

plates. After cutting out from the plates the areas correspond- 

ing to these structures, the plates were piled and the resultant 

cavities were filled with plaster of Paris. The wax was finally 

melted off and there was left then a permanent plaster cast of 

the objects desired at a definite enlargement. Views of these 

models are shown in figures 4 to 9. 

In outlining the periotic spaces it was found necessary to 

1Sabin, F. R. Harvey Society Address. Science, vol. 44, 1916, p. 146. 

2 Lewis, W. H. The use of guide plames and plaster of Paris for reconstructions 

from serial sections. Anat. Rec., vol. 9, 1915. 
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make an arbitrary rule as to how much should be included in 

the model. ‘The smaller spaces of the reticulum that surrounds 

the main cavities can be seen coalescing to form larger spaces 

and these in turn coalesce with the main cavity as it advances 

into new territory. Thus in a given section there is a consider- 

able range in the size and completeness of the spaces. The 
main spaces and the larger adjacent ones that communicate with 

them are outlined by a membrane-like border. This characteris- 

tic was utilized as the guide for determining which spaces to 

admit into the model; only those possessing a more or less com- 

plete border of this kind were included. 

HISTOGENESIS OF THE PERIOTIC RETICULUM 

Although this communication is more concerned with the 

process of conversion of the periotic reticular tissue into the 

larger walled-off spaces, yet for the purpose of completeness a 

brief survey will be taken of the earlier history of this tissue and 
the nature of its histogenesis. 

The tissue in which the perioticular spaces develop is derived 

from the condensed mesenchyme that establishes itself as an 

encapsulating mass around the otic vesicle in embryos between 

4 mm. and 10 mm. long. This condensed mesenchyme is sub- 

sequently differentiated into the cartilagenous capsule that 

completely invests the epithelial labyrinth excepting for the 

three openings that persist in the adult as the internal auditory 

meatus, the aqueaductus cochleae and the aquaeductus vestibuli, 

which openings are present in the very earliest stages. 

Originally the cartilagenous capsule abuts directly against 

the epithelial wall of the labyrinth. In embryos about 14 mm. 

long, however, the cartilage-forming tissue in the immediate 

neighborhood of the epithelium undergoes a dedifferentiation, 

so that an area is established all around the membranous laby- 

rinth, and conforming to it in shape, that is less like cartilage 

and more like embryonic connective tissue. It is this that con- 

stitutes the foundation for the open-meshed periotic reticulum 

which in embryos 30 mm. long everywhere bridges the space 

existing between the membranous labyrinth and the surrounding 
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cartilage. The membrana propria that supports the epithelial 

part of the labyrinth and the perichondrium lining the cartilage 

are both derived from this periotic reticulum. It is also a 

modification of the meshes of this same reticulum that results 

in the formation of the perioticular spaces in a manner that will 

now be outlined. 

Unmodified periotic reticulum is characterized by a rather 

uniform narrow mesh. The essential change which it under- 

goes in the process of space formation consists in the disappear- 

ance of some of the trabeculae of the mesh followed by the coales- 

cence of the corresponding adjacent spaces. The trabeculae 

consist of the protoplasmic processes of the constituent cells 

of the reticulum and their disappearance is probably to be 

explained, not by a dissolution or liquefaction of these cell- 

processes but by an alteration in their form. It apparently is 

the result of an active motility of the cell protoplasm involving 

the successive detachment and retraction of the trabeculae. 

When a trabecula becomes detached it gradually retracts and 

adapts itself to the formation of a larger space, reshaping itself 

either as a smooth border or as a constituent part of another 

trabecula. As spaces become larger they require longer tra- 

beculae, and as trabeculae become longer they also tend to 

become thicker. 

The differentiation of the margin of the periotic spaces con- 

stitutes the final feature in their maturation. During the period 

in which the enlargement of an individual space is actively 

going on, the margins of the main cavity consist of smooth 

delicate strands of nucleated protoplasm that resemble the 

trabeculae between the large reticular spaces. These linear 

margins are interrupted here and there by openings into adjacent 

spaces. They tend, however, to form a continuous line that 

definitely marks off the space from the adjacent reticulum. 

As the space becomes more mature, the membrane-like border 

becomes thicker until it reaches a state that will probably not 

admit of any further opening-up for the coalescence of additional 

spaces. Any further growth is thereafter limited to simple 
distention of the wall of the space with the consequent adjust- 
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ment of its constituent cells. In its final form the margin of the 

space roughly resembles an endothelial membrane. Immediately 

lining the space is a thin membrane with flattened nuclei which 

is supported underneath by a thin coat of nucleated protoplasm 

that has the form of fibrous connective tissue. The former, 

judging only from its final appearance, could be designated as 

endothelium, thus making a distinction between it and the 
underlying tissue. In its histogenesis, however, it differs in 

no way from the rest of the wall and the difference that exists 

later seems to be merely the result of its adaptation to the exist- 

ing physical conditions. Its early behavior is entirely different 

from that of vascular endothelium. Therefore if one uses the 

term endothelium for its designation this must be done with a 

considerable amount of reservation. 

These phenomena can be particularly well studied in the 
scalae while they are in the process of spreading and enlarging. 

As we shall see, the scalae are more mature in their proximal 

portions and are progressively less mature as one approaches 

the apex of the cochlea. Thus any one specimen shows several 

stages in the development. Typical views showing some of 

the steps in this process are represented in figures 1 to 3. Figure 

1 represents a section through the second turn of the cochlea in 

a human fetus 130 mm. CR length (Carnegie Collection, No. 1018). 
It shows the topography of the cochlear duct and the general 

character of the perioticular spaces that are developing along 

its inner margins. The upper one or scala vestibuli js in a more 

mature condition. The lower one or scala tympani is less ma- 

ture and along its peripheral (right) margin, it is in the act of 

spreading so as to underlie, as it eventually will do, the future 

basilar membrane. The scala tympani finally reaches the periph- 

eral margin of the cochlear duct, and it does this by the coales- 

cence of the enlarging reticular spaces which become incorporated 

with the main cavity of the seala. 

This area is a particularly good one for studying the histo- 

genesis of these spaces. It is shown under higher magnification 

in figure 2, which is a detail of the same section. By comparing 

this figure with figure 1, the exact location can be readily made 
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out. That portion of the cochlear duct that is to form the organ 

of Corti can be recognized by the characteristic form and group- 
ing of its cells. A portion of the main cavity of the scala tym- 

pani is indicated and to the right of this are a few enlarged retic- 

ular spaces that are uniting with each other subjacent to the 

organ of Corti and the basilar membrane. These will in the 

end become part of the main space. They are here just in the 
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Fig. 1 Section through the second turn of the cochlea in a human fetus 

130 mm. CR length (Carnegie Collection, No. 1018). Enlarged 60 diameters. 

This section shows the topography of the cochlear duct and the general char- 

acter of the periotic spaces that are developing along its inner margin. De- 

tails of this same section as seen under higher magnification are shown in figures 

2 and 3. 

process of coalescence, the histological features of which pro- 

cedure are well illustrated in this figure. The trabeculae are 

stretched out in long strands and in many cases are detached 

and project into the spaces as free ends. The detached trabe- 

culae are seen in different degrees of retraction as their con- 

stituent protoplasm reshapes itself in adaptation to the new 

boundaries. It is only at the margins of the larger spaces that 

the cell-processes exhibit the characteristic flattened appearance, 
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which is the first indication of the formation of the marginal 

membrane. The residual undifferentiated reticulum that does 

not enter into the direct formation of the larger spaces constitutes 

the tissue from which is derived the adventitial coat of the 

completed scala. 

SCALA VESTIB. 

Fig. 2 Detail of the section shown in figure 1, enlarged 278 diameters. This 

figure shows the part of the cochlear duct that is to form the organ of Corti, 

and the adjacent tissue that becomes incorporated in the basilar membrane. 

Below this is the periotic reticulum whose spaces are in the process of enlarging. 

By repeated coalescence these spaces finally unite with the large space that 

constitutes the scala tympani. This figure shows the histological appearance of 

the reticulum where the formation of tissue spaces is in active operation. 

The appearance of the marginal membrane as seen in a more 

mature space is shown in figure 3, being a detail of the margin 

of the same scala vestibuli that is shown in figure 1. Here we 
have a firm membrane that forms a complete barrier between 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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the periotic reticulum and the lumen of the scala. After reach- 
ing this degree of development there is no evidence of any fur- 

ther coalescence of the surrounding reticular spaces with the 

main cavity. The membrane itself as seen in cross section con- 

sists of rather compact nucleated strands of protoplasm, which 

cannot as yet be separated into the so-called endothelial coat and 
the supporting fibrous coat. However, a comparison of the 

coagulated elements of the fluid seen in the reticular spaces 

with those seen in the scala would indicate a difference between 

the two and therefore it is probable that the membrane is 

already partially impervious. 

SCALA VESTIB. 

Fig. 3 Detail of the section shown in figure 1, enlarged 400 diameters. It 

shows the character of the margin of the scala vestibuli in a more mature con- 

dition. The scala vestibuli is inclosed by a membrane consisting of the cells 

that had previously constituted the reticulum occupying this area and which 

have been modified in form in adaptation to the formation of this large tissue 

space, closing it off from the surrounding tissue. 

DEVELOPMENT OF THE PERIOTIC CISTERN OF THE VESTIBULE 

Aside from the scala vestibuli and the scala tympani, the 

largest of the periotic spaces is the large reservoir situated be- 

tween the tympanic wall of the bony vestibuli with its articulated 

stapes, and the vestibular chambers of the membraneous laby- 
rinth. This is the spatium perilymphaticum vestibuli (BNA) 

or the cysterna perilymphatica (Retzius). In order to eliminate 

the word lymphatic from the terminology it will be designated 

here as the Cisterna periotica vestibuli or less formally the peri- 
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otic cistern. In thismanner the descriptive term introduced by 

Retzius is retained. 

Before there is any trace of the scalae the initial steps in the 
formation of the cistern can be seen. This is well illustrated in 

an embryo 35 mm. long (Carnegie Collection, No. 199). This 

particular embryo is cut into a sagittal series and the sections 

on slides 58 and 54 show the periotic cistern in its most rudi- 

mentary form. It consists of an area of reticulum bounded by 

the utricle, saccule, ductus reuniens, the proximal end of the 

cochlear duct and the ampulla of the posterior canal. The re- 

ticulum here is of the type seen along the semicircular canals in 

considerably older embryos. Whereas the reticulum elsewhere 

in this 35 mm. embryo presents a uniformly narrow mesh that 

is interrupted only by the numerous capillaries branching 

through it, this particular field gives the appearance of spaces 

which are more open and which are irregular both in shape and 

in size. From the very first the increase in the size of the mesh 

seems to be attained by the detachment and retraction of its 

constituent protoplasmic bridges, thereby allowing adjacent 

spaces to unite in the formation of composite larger spaces. Thus 

in the above section a few irregular protoplasmic free-ends are 

seen still projecting into the newly enlarged spaces. The area 

of this rudimentary periotic cistern is as yet very small and 

merges indefinitely into the adjoining reticulum. It is not 

until we come to fetuses about 40 mm. long that it develops 

spaces of any considerable size, and it is not until we come to 

fetuses about 50 mm. long that we find a single large space with 

walls that are definitely outlined so that it can be satisfactorily 

modelled. 

In a fetus 43 mm. long (Carnegie Collection, No. 886), the 

spaces forming the rudimentary cistern stand out much more 

definitely than is the case in the 35 mm. embryo that has just 

been referred to. There is now just opposite the stapes one space 

which is much larger than the adjoining spaces. On part of its 

margin the protoplasmic bridges are stretched along so as to 

form a smoothly curved continuous boundary. This boundary 

is defective in some portions and at such places the space merges 
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with the adjoining secondary spaces. Within the space are 

some faintly refractive branching threads of coagulated plasma. 

The seala vestibuli is not yet laid down and the seala tympani is 

only represented by a moderate widening of the meshes of the 

reticulum in the neighborhood of the fenestra cochleae (rotun- 

dum), along the basal border of the first turn of the cochlear 
duct. 

In fetuses 50 mm. long the outlines of the cistern become very 

distinct due to the marked increase in the size of its main cavity 

and to the more definite membrane at its junction with the 

rest of the reticulum. Its form and relations are shown in 

figures 4 and 5. They represent a median and a lateral view of 

a waxplate reconstruction of this region in a human fetus 50 mm. 

long (Carnegie Collection, No. 84). Only the main cavity is 

shown in the model. At certain places around its borders the 

meshes of the reticulum are uniting into larger spaces and these 

in turn are taken up by the main cavity as it advances into the 

new territory. These smaller incomplete spaces were omitted 

in constructing the plates of the model. 

It will be seen then from figure 4 and 5 that the periotic 

cistern in 50 mm. embryos consists of a flattened rounded bursa- 

like cavity that intervenes between the stapes and the lateral 

surface of the saccule and adjoiming utricle. It extends forward 

to the ampulla of the lateral canal and upward to the beginning 

of the crus commune. Posteriorly it crowds backward against 

the ductus reuniens filling in the space between the utricle, saccule 

and the proximal end of the cochlear duct. Both on its median 

and lateral surfaces there is no further opportunity for expansion 

except as the vestibule itself enlarges. The delicate membrane- 

like wall of the cistern hugs closely against the parts of the mem- 

branous labyrinth on the one side and the tympanic wall of the 

cartilagenous vestibule on the other, being separated from them 

only by a thin layer of the original reticulum. Along the dorsal 

margin of the cistern, however, there is room for expansion and 

the reticulum in this region shows enlarging spaces in the proc- 

ess of uniting with the main cavity. On its ventral margin 

near the cochlea and extending along the apical surface of the 
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latter there is a definite row of reticular spaces actively coalescing 

and constituting the beginning of the scala vestibuli. The 

scala tympani is already well started at this time, but its de- 

velopment is quite independent of the cistern. Within the 
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Fig. 4 The figures 4 to 9 represent a series of median and lateral views of 

wax-plate reconstructions of the membranous labyrinth and the surrounding 
perioticular tissue spaces, illustrating under the same scale of enlargement 

three typical stages in the development of these spaces. This figure shows a 

lateral view of a model reconstructed from a human fetus 50 mm. CR length 

(Carnegie Collection, No. 84). The scala vestibuli is in the first stage of its 

development and consists of a row of large reticular spaces which extend from the 

ventral margin of the cistern downward along the apical surface of the cochlear 

duct. The scala tympani is more advanced and shows more complete coales- 

cence of its constituent spaces. Enlarged 9 diameters. 
Fig. 5 Median view of the same model shown in figure 4. This view shows 

the topography of the scala tympani. Its large proximal end lies opposite the 

fenestra cochleae and corresponds to the focus at which its development origi- 

nates. Distally it tapers off rapidly, where the spaces are smaller and their 

coalescence less complete. Enlarged 9 diameters. 

cistern can be seen scattered clumps of faintly refractive granular 
threads of what seems to be a coagulated constituent of the 

plasma. 

The subsequent growth of the cistern is shown in figures 6 

to 9. Figures 6 and 7 show respectively a median and lateral 

view of a wax-plate reconstruction of the membranous labyrinth 

and its perioticular spaces in a human fetus 85 mm. long (Car- 
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negie Collection, No. 1400-30). The growth of the cistern here 

has kept pace with the increase in size of the labyrinth and 
maintains the same general relations as regards the stapes and 

the parts of the membranous labyrinth. The view of the cis- 
tern in figure 6 is an oblique one which would tend to mislead 

one as to its width. In reality it is relatively a little wider. 
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Fig. 6 Lateral view of reconstruction of the left membranous labyrinth 

and the periotic spaces in a human fetus 85 mm. CR length (Carnegie Collection, 

No. 1400-30) enlarged 9 diameters. Although the greater part of the cistern 

abuts against the stapes it will be noted that it also is beginning to spread over 

the dorsal surface of the utricle and along the inner border of the lateral canal. 

The seala vestibuli communicates freely with the cistern and extends downward 

along the apical surface of the cochlear duct throughout nearly two turns, show- 

ing the characteristic sacculated appearance near its tip where the coalescence 

of the spaces is less complete. 

Fig. 7 Median view of same model shown in figure 6. The oval indentation 

in the proximal end of the scala tympani corresponds to the fenestra cochleae. 

This space extends along the cochlear duct about the same distance as the scala 

vestibuli; the two however do not communicate with each other as yet. The 

peripheral border of the scala tympani is characterized by sacculations cor- 

responding to spaces that are coalescing with the main space. This indicates 

the direction of the growth of the scala at this time. 
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It has also extended upward on the dorsal surface of the utricle 

and is beginning to creep along the inner side of the posterior 

end of the lateral canal. Ventrally it communicates freely 

with the scala vestibuli which now extends well down along the 

cochlear duct. 

The oldest stage studied is shown in figures 8 and 9. These 

show two views of a wax-plate reconstruction of these structures 

in a human fetus 180 mm. long (Carnegie Collection, No. 1018). 

At this time the periotic cistern has spread over the vestibular 

part of the membranous labyrinth, covering it nearly everywhere 

excepting at the macular portions where the nerves terminate. 

In figure 9 it can be seen that the mesial surface of the saccule 

is not covered; this lies closely against the wall of the cartilage- 

nous vestibule. The uppermost division of the cistern situated 

between the crus commune and the ampulla of the posterior 

canal does not yet open into the general cavity. It has formed 

separately and owing to the position in which it lies its coales- 

cence with the other parts of the cistern is retarded. Otherwise 

free communication exists between all divisions of the cistern. 

DEVELOPMENT OF THE SCALA TYMPANI AND SCALA VESTIBULI 

The scala vestibuli may be regarded as an extension downward 

of the cistern into the region of the cochlea and as such its growth 

starts from a focus opposite the fenestra vestibuli (ovale). The 

scala tympani in a similar way makes its first appearance oppo- 

site the fenestra cochleae. From these two foci the scalae extend 

eradually downward along the cochlear duct as two separate 

spaces which do not communicate with each other until they 

reach the tip of the duct, where there is finally developed a free 

opening between them known as the helicotrema. 

In their formation they go through a series of histogenetic 

changes in essentially the same manner that has been followed 

in the case of the formation of the cistern. This as we shall see 

consists of the enlargement of the spaces of the periotic reticulum 

that originally occupies this region, the enlargement being a 

result of the disappearance of the protoplasmic bridges of the 
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reticulum whereby adjacent spaces unite in the formation of 
composite larger spaces. This process continues until there is 
a single continuous space extending down along the cochlear 

duct representing each seala and at the margins of each of them 

there is developed a membranous arrangement of the reticular 

cells which completely walls off the space from the surrounding 
tissue. In these alterations in the reticular mesh and in the 
formation of the surrounding membrane there is an active change 
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Fig. 8 Lateral view of a wax-plate reconstruction of the left membranous 

labyrinth and the periotic spaces in a human fetus, 1830 mm. CR length (Car- 

negie Collection, No. 1018) enlarged 9 diameters. The cartilagenous stapes was 

removed from this model and the oval impression that it makes on the cistern 

can be plainly seen. The cistern has spread over the top of the utricle and along 

the lateral canal. The scala vestibuli extends to the tip of the cochlear duct 

where it communicates with the scala tympani, thus forming the helicotrema. 

Fig. 9 Median view of the same model shown in figure 8. The oval impres- 

sion on the proximal end of the scala tympani corresponds to the fenestra coch- 

leae. As yet there is no communication at this point between the scala tympani 

and the subarachnoid spaces corresponding to the aquaeductus cochleae. The 

spaces making up the cistern cover almost the whole of the utricle and saccule 

excepting the places at which the nerves enter and a small part of the medial 

surface near the attachment of the appendage. 
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in the form of the reticular cells which repeatedly adapt them- 

selves to the new conditions. There is no evidence to indicate 

that any other cells take part in the formation of the scalae. 

The first evidence of the formation of sealae is found in fetuses 

about 40 mm. long, which is a little later than the first appear- 

ance of the cistern. In a fetus 483 mm. CR length (Carnegie 

Collection, No. 886) along the proximal part of the cochlear 

duct on its basal surface, there is a distinct widening of the meshes 

of the periotic reticulum. This is the beginning of the scala 

tympani. On the opposite side of the cochlear duct where 

one would look for the scala vestibuli the periotic reticulum 

retains its primitive appearance characterized by a narrow and 

rather uniform mesh. Thus the scala tympani makes its ap- 

pearance slightly in advance of the scala vestibuli, that is, if we 

regard the latter as distinct from the cistern. 

In fetuses 50 mm. long both the scala tympani and the scala 

vestibuli can be plainly identified, although they are still very 

incomplete. A wax-plate reconstruction of them representing 

their form and their relation to the membranous labyrinth in a 

human fetus 50 mm. CR length (Carnegie Collection, No. 84) 

is shown in figures 4 and 5, being a median and a lateral view 

respectively. It will be seen that the scala tympani is larger 

and more advanced in its development than the scala vestibuli. 

The latter is in its earliest stage and consists of hardly more than 

a row of enlarged reticular spaces that extend downward from 

the cistern along the dorsal and apical surface of the cochlear 

duct. 
The scala tympani consists of an elongated oval space lying 

along the basal surface of the proximal part of the cochlear 

duct, about corresponding to the proximal half of the first turn 

of the duct. In the main part it is a single space with a distinct 

margin separating it from the general periotic reticulum. In 

the more apical portion it tapers off into multiple incompletely 

united smaller spaces which actively coalesce as the process 

advances into the new territory along the duct. It is of interest 

to note that the most mature and the largest part of this scala, 

representing the focus at which it first appeared, is opposite 
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the fenestra cochleae (rotundum), just as the cistern forms 

opposite the stapes and the fenestra vestibuli. The scala 
tympani always begins at the same place and extends downward 

along the cochlear duct, at first a little in advance of the scala 

vestibuli, but subsequently the latter catches up with it and 

the two reach the tip of the duct at about the same time. 

It is well known that the proximal portions of the cochlear duct 

mature sooner than the distal portions. One might expect that 

the accompanying periotic spaces would correspond in their 

development to the maturity of the duct and therefore the proxi- 

mal parts of the scalae would differentiate first. In other words 

the maturation of the cochlea proceeds as a wave from the proxi- 

mal end to its tip involving all of its constituent structures as 

it passes along, including mesenchymal parts as well as epithelial. 

This conception might explain the direction of development 

of the scalae but it can hardly be applied to the cistern, the 

vestibular representative of the scala vestibuli. One cannot say 

that those portions of the membranous labyrinth lying opposite 

the focus of development of the cistern, that is, the lateral] 

walls of the saccule and utricle mature in advance of the rest 

of the labyrinth. There is no indication that a wave of differ- 

entiation passes through the epithelial elements of the laby- 

rinth in the same direction and synchronously with the extension 

of the cistern as it advances from its primary focus up on the 

roof of the utricle and over on its median surface. In the case 

of the cistern it seems much more likely that the point at which 

it first appears is determined by the position of the stapes, which 

is doubtless an expression of the physical relation that subse- 

quently exists between the two. By analogy this would yield 

additional significance to the relation existing between the 

fenestra cochleae and the point of beginning development of 

the scala tympani. 
The form and relations of the scalae in fetuses between twelve 

and thirteen weeks old are shown in figures 6 and 7. These 

figures show median and lateral views of a wax-plate reconstruc- 

tion of the membranous labyrinth and the surrounding periotic- 

ular spaces in a human fetus 85 mm. CR length (Carnegie Col- 
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lection, No. 1400-30). Attention has already been directed to 

these figures in the description previously given of the cistern. 

The seala vestibuli can be seen in figure 6. Above, it opens 

freely into the cistern and extends downward along the apical 

side of the duct as a single main space, possessing a rather uni- 

form diameter. It extends along the first two turns of the duct, 

gradually tapering off and showing a less mature character in 

its distal portions. Along the second turn of the duct the spaces 

are incompletely fused and the contour becomes correspondingly 

irregular. As a rule the peripheral margin of the scala seems 

less mature and more irregular than the central margin. The 

scala: vestibuli does not connect with the scala tympani at any 

point as yet. The two are separated in the first place by the 

cochlear duct and then more centrally by a framework of con- 

nective tissue in which are the radiating bundles of the cochlear 

nerve with the nodes of ganglion cells that form the spiral gan- 

glion. These latter structures are not shown in the model, they 

occupy however the V-shaped groove seen between the two 

sealae. 

The scala tympani, as can be seen in figure 7, extends downward 

on the basal side of the cochlear duct along its first two turns. 

This corresponds to about the same linear dimension as that of 

the scala vestibuli. In its proximal portion it shows a greater 

area in cross section than the latter, but further toward the 

apical region it is about the same size and in some places it is 

even smaller. The peripheral margin of the scala tympani is 

distinctly more irregular than the central margin. ‘This irreg- 

ularity is due to spaces along the margin that are actively 

coalescing with the main space, but in which the fusion is not 

yet complete. The irregularity of this margin is thus an indi- 

cation of the direction of the expansion of the scala. As the 

diameter of the whole cochlear mass increases it is evident that 

the main growth of the scala must radiate outward in a periph- 

eral direction. This is accomplished by the continual assimi- 

lation of new reticular spaces along this margin. At the proximal 

end of the scala tympani can be seen an oval depression which 
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corresponds to the fenestra cochleae (rotundum) and with which it 
stands in intimate relation. 

In fetuses about sixteen weeks old the form and relations of 

the scalae have nearly attained the adult conditions and this 

represents the oldest stage studied in connection with the pres- 

ent paper. The conditions found at that time are shown in 

figures 8 and 9 which present median and lateral views of a 

wax-plate model of a human fetus 180 mm. CR length (Carnegie 

Collection, No. 1018). On comparing the scala tympani and 

scala vestibuli as seen in these figures with those in figures 6 

and 7 it will be seen that they are larger in cross section and 

more nearly cover in the cochlear duct. Furthermore ‘they 

now extend to the extreme tip of the duct and communicate with 

each other across its central margin thus forming a helicotrema. 

It will be noted that now even as far as the tip of the cochlea 

each of the scalae consists of a continuous principal space. They 

are however more mature and larger in their proximal portions. 

Along the first turn of the cochlear duct they are walled off by 

a smooth membranous margin which separates them from the 

adjacent reticular tissue. The spaces of the latter do not seem 

to be taking any further part in the process of enlargement of 

the scalae. Along the second turn of the cochlear duct, a 

section of which was shown in figure 1, the coalscence of 

reticular spaces with each other and with the scalae is still in 

active operation. This produces a greater irregularity of the 

scalae than is shown in the model. The subsidiary spaces are 

shown as a solid mass, the slender clefts separating them are 

not represented. The nearer we approach the tip of the duct 

the more immature are the scalae until the condition is reached 

where the membrane-like margin is quite incomplete and the 

spaces merge irregularly with the surrounding reticulum. ‘Thus 

a single specimen if studied in its different parts shows several 

stages in this interesting process of the formation and growth of 

the scalae. 
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PERIOTIC SPACES OF THE SEMICIRCULAR CANALS 

From the deseriptions given of the adult the reticulum along 

the canals never develops a single continuous wide periotic space 

like that of the cistern and the two scalae. There always re- 

main a few trabeculae such as are seen in the cistern and sca- 

lae in their earlier stages, and these constitute partitions which 

subdivide the space and give it the appearance of a series of 

separate spaces extending along the inner margins of the canals. 

Although these spaces along the canals are incomplete as com- 

pared with the cistern and scalae, they are however entirely 

analogous with them in their formation. 

The space along the lateral canal is the largest. Its posterior 

end exists as a continuation of the cistern. This can be seen in 

the lateral view of the model shown in figure 8 where the cistern 

extends for a considerable distance along the inner border of 

the lateral canal. Along the other two canals of the same speci- 

men (130 mm., CR length) the reticulum has commenced the 

process of space-formation, but complete channels are not yet 

established. 
« 

COMMUNICATION OF THE PERIOTICULAR SPACES WITH THE 

ARACHANOID SPACES 

The relation of the scala tympani and scala vestibuli to the 

subarachnoid spaces surrounding the hind-brain is of consider- 

able interest both on account of the possibility of their functional 

relationship and on account of the similarity that exists in their 

development. For a satisfactory investigation of the establish- 

ment and the character of the communications that are formed 

between these two allied systems of tissue-spaces one should re- 

sort to other methods than those used in the present study, and 

furthermore one should examine older fetuses than those de- 

scribed here. Certain observations, however, were made in the 

course of the above investigation that bear a relation to these 

matters, and they will be briefly outlined here. In the first 

place the histological picture of the periotic reticulum is essen- 

tially the same as the early stages of the pia-arachnoidal tissue, 
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that invests the central nervous system. The enlargement of 

the meshes of the latter and the formation of the subarachnoid 

spaces and the arachnoid cistern, as has been recently described 

by Weed,* correspond exactly with the appearances seen in the 

histogenesis of the perioticular spaces in the ear. The perioticu- 

lar spaces are not however extensions of the arachnoid spaces 
that have invaded the cavity of the cartilagenous labyrinth. If 

this were so we should find them first appearing among the root- 

lets of the vestibular and cochlear nerves along which the sub- 

arachnoid space extends for some little distance. Instead, they 
begin at points where there can be no connection with the arach- 

noid tissue and their direction of growth is quite independent of 

it. The perioticular spaces may be analogous to the arachnoid 

spaces, but they are not identical with them, nor are they an 

extension of them. 

According to the descriptions of the adult anatomy of the ear 

a communication becomes established between the scala tympani 
and the subarachnoid space near the fenestra cochleae, the so- 

called aquaeductus cochleae. Vague and conflicting statements 

are also made concerning a communication through the internal 

auditory meatus connecting the arachnoid spaces with the sea- 

lae. Such communications must be established quite late. In 

the oldest fetus examined, 130 mm. CR length, they do not yet 

exist. As to the latter communication it can be seen that the 
arachnoid spaces extend peripherally through the internal audi- 

tory meatus along the trunk of the acoustic nerve-complex and 

slender pockets and clefts from them extend along the larger 

bundles of the cochlear nerve; they terminate, however, before 

reaching the margins of the scalae, and there is no evidence at 

this stage that there is ever to be a communication between them 

and the scalae. As to the aquaeductus cochleae in the 130 mm. 

fetus it can be plainly seen that it is already forming as a deriva- 
tive of the arachnoid spaces although the communication with 

the scala tympani is not yet established. The arachnoid spaces 

? Weed, L. H. The development of the cerebro-spinal spaces in pig and in 

man. Contributions to Embryology, vol. 5, No. 14, Publications of Carnegie 

Inst. of Wash., No. 225, 1917. 
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invest the glossopharyngeal nerve and extend down along its 

trunk and pass closely and directly posterior to the region of 

the fenestra cochleae (rotundum). <A thin-walled tubular 

pouch projects from these spaces leaving the nerve trunk and ex- 

tending obliquely toward the scala tympani in a direction that 

would meet it just distal to the fenestral impression on its basal 

surface. This fundament of the aquae ductus cochleae is present 

in fetuses 85 mm. CR length, but is longer in the 130 mm. fetus 

where it nearly reaches the scala tympani. The communica- 

tion must be established soon after this. 

SUMMARY 

The earliest histological evidence of the formation of the peri- 

oticular spaces occurs near the stapes, in the reticulum lying be- 

tween the sacculus and the fenestra vestibuli, where in embryos 

between 30 mm. and 40 mm. long it can be seen that its meshes 

are becoming irregular and its spaces are beginning to coalesce. 

This constitutes the rudiment of the vestibular cistern. It makes 

its appearance before there is any trace of the scalae, but it is 

not until the fetus becomes about 50 mm. long that the cistern 

is definitely outlined and clearly differentiated from the adjoin- 
ing reticulum. | 

After the cistern, the scala tympani is the next space to be- 
come established. It can be recognized as a moderate widening 

of the meshes of the reticulum in the region of the fenestra coch- 

lene in fetuses 43 mm. long, along the basal border of the first 
turn of the cochlear duct. The scala vestibuli, as can be seen in 

fetuses 50 mm. long, develops as an extension downward of the 

cistern along the apical border of the cochlear duct. Starting 

from these definite foci these three spaces spread into their des- 

tined territory absorbing as they go the enlarging reticular spaces 

of the invaded region by a process of space-coalescence. In 

fetuses 85 mm. long the two scalae extend downward along the 

cochlear duct to its last turn as two separate spaces which do not 

communicate with each other. When they reach the tip of the 

duct, which occurs in fetuses about 130 mm., crown-rump length, 
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a free opening is developed between them and this represents 

the helicotrema. 

The perioticular spaces are analogous in their development to 

the pia-arachnoidal spaces; they are not however extensions of 

them that have invaded the cavity of the cartilagenous laby- 

rinth. They begin at points where there can be no connection 

with the arachnoidal tissue and their direction of growth is 

quite independent of it. The communication that is found in 

the adult between the scala tympani and the subarachnoid space 

in the neighborhood of the fenestra cochleae, the so-called aquae- 

ductus cochleae, is established quite late. In fetuses 85 mm. CR 

length it exists as a tubular pouch projecting from the subarach- 

noid spaces along the glossspharyngeal nerve toward the scala 

tympani. In the 180 mm. fetus, the oldest examined, this pouch 

is longer and nearly reaches the scala. ‘The communication 

must be established soon after this. 

Similar projections from the subarachnoid spaces at the inter- 

nal auditory meatus extend as perineural clefts along the trunk 

and branches of the acoustic nerve. No actual communications 

were seen between these spaces and the two scalae. 
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On account of the intimate relations usually assumed to exist 

between the hypophysis and the general growth process of the 

body, the effects of inanition and refeeding upon this organ have 

unusual interest and importance. Few observations upon these 

effects are recorded in the literature. In previous papers (Jack- 
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son 715 a;715 b) it was shown that, in young rats held at mainte- 

nance (constant body weight) by underfeeding, the hypophysis ° 

usually increases slightly in gross weight; while in adult rats 

with acute or chronic inanition the weight of the hypophysis 

decreases nearly in proportion to that of the whole body. The 

purpose of the present paper is to present the results of an exten- 

sion of the investigation, including a volumetric and histologi- 

cal study of the various parts of the hypophysis. 

This paper forms the fourth of a series of studies upon the 

effects of inanition on the albino rat, the investigation being 

supported by a special grant from the research funds of the 

Graduate School of the University of Minnesota. 

MATERIAL AND METHODS 

The material used included the hypophyses from 91 rats, 

obtained partly in connection with my previous studies (Jackson 

15a and 715 b) and partly from material collected by Hoskins 

(16) and Stewart (16). The 91 rats included 44 normal (con- 

trol) rats of both sexes, varying from newborn to about one year 

of age; 15 rats held at maintenance (constant body weight) by 

underfeeding beginning at the age of three weeks; 6 older rats 

subjected to acute inanition and 5 to chronic inanition; and 21 

young rats refed for various periods after being held at mainte- 

nance from the age of three weeks to ten weeks or more. 

The diet in all cases was whole wheat (graham) bread soaked 

in whole milk, the amount being reduced for maintenance and 

chronic inanition, and cut off entirely in acute inanition. Water 

was supplied ad libitum in all cases. The loss in body weight 

during acute and chronic inanition (adults) was about one-third. 

The general data for the rats used are given in table 1. In 

the first column, the letter indicates the series (‘H’ = Hoskins; 

‘St.’ = Stewart, etc.). The number preceding the decimal point 

is the litter number; the number following designates the indi- 

vidual rat. (This does not apply to most of the rats in sub- 

divisions ‘C’ and ‘D’ of table 1, however, where the litters were 

not recorded. ) 
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TABLE 1 

General data for albino rats used 

warso. | ay sor Fe We ees |e 
Normal rats 

days mm. grams gram 

J We7 3; m Newborn 4.9 

oe Ass m Newborn 4.9 

Sih BYU f 4 46 5.0 

St 7202 m i 66 10.8(10.0) 0.0013 

St 72.5 f 7 66 10.8(10.1) 0.0012 

St 80.5 f i 75 15.5 0.0020 

St 80.7 m 12 75 15.0 0.0018 

Sf ea ee f wil 100 DS FP 0.0018 

J il. il m Dil 100 29.0 0.0020 

S729 if 21 107 31.5(80.4) 0.0022 

Sy aly il ih 21 101 38} Al 0.0018 

Sin Ball f 56 63.0 0.0040 

St 47.6° f 67 169 WPS 0.0069 

St 47.5 m 67 191 196.0 0.0065 

18l 7x m 70 194 208 .1(198.3) 0.0078 

11 DEC f 71 184 162.7(155.0) 0.0099 

Si aL f We, 170 119.3(115.2 0.0046 

H 68.11 m G2, 192 170.8(163.8) 0.0068 

H 68.8 f 74 184 141.6(137.0) 0.0088 

H 68.3 f 74 185 158.5(151.3) 0.0084 

Mey 12 m 74 190 181.1(172.6) 0.0063 

Ss 5.4 f 74 168 125.9(117.6) 0.0050 

SOS m 74 180 172.0(166.5) 0.0067 

H 60.3 f 78 182 138.2 0.0077 

Je le3 m 94 183 177.0 0.0063 

lal (ae? fi 98 179 144 .1(138.9) (0). 0084 

H 64.3 m 101 191 184.7(179.2 0.0071 

Hy 59r3 f 103 196 (165.6) 0.0097 

He63-2 m 103 195 173.7(166.1) 0.0079 

Ee oSe3 m 106 225 (258.1) 0.0089 

St 12.54 if 111 166 121.0(115.9) 0.0058 

St 10.24 f 112 169 134.5(129.3) 0.0099 

di eee f 112 185 161.0 0.0092 

lal Gi): f 132 196 (i533) 0.0141 

Jal Sie) m 138 202 (201.6) 0.0089 

E7503 m 141 211 @2e5) 0.0088 

Ayo m 145 201 (167 .6) 0.0060 

Tel (eZee 224 194 (173.0) 0.0123 

H 34.6 f 225 205 (187.5) 0.0108 

1 At end of pregnancy. 
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TABLE 1—Continued 

BODY WEIC 

een: S12 Mee  eaNGEE GROSS (AND ae siurenn Gueeey 

days mm. grams grams 

lok QuhsR f 232 188 (138.4) 0.0077 

lal 2p.) f 253 195 (166.4) 0.0121 

St 9.48 f 338 195 205.0(197.8) 0.0196 

St 33.116 f 340 195 195.5(188.3) 0.0108 

St 8.36 m 351 228 381 .0(869.3) 0.0088 

B. Rats held at maintenance from age of three weeks 

StrAveo m 66 120 34.0 0.0022 

St 47.4 m 66 113 34533 0.0020 

S 12.69 f 66 100 DASH (2257) 0.0020 

Ss) 1 7Al m 67 95 PB) (2ALS)) 0.0020 

Seo m 70 120 34.8(31.4) 0.0018 

S 9.386 m 72 113 30.5 0.0018 

Si 6223 f 72 102 26.1(24.5) 0.0033 

S 11.63 f 2, 95 23.8(22.6) 0.0022 

Somors f 73 105 27 .6 (24.6) 0.0011(?) 

Saonlal f 73 105 PAS 3 PB)..3)) 0.0018 

sy JUL. Gis) m 73 100 Dane (2oao)) 0.0022 

S 82 f 74 103 26)1\(25%5) 0.0017 

Stele 50 m 82 123 45 .0(41.2) 0.0023 

St 33.1 f 104 89 19.1(18.2 0.0019 

St 38.8 m 139 118 30.0 0.0020 

C. Rats subjected to acute tnanition 

a4! m 94 180 107.0 0.0056 

\Y el m a 205 168.0(165.2 0.0070 

Me m 2 i 170.0(167 .2) 0.0066 

Sae26 m i 205 174.0(171.5) 0.0076 

S 16 f ? 195 190 .0(186.0) 0.0146 

SS) P47 m i 215 223 .0(219.0) 0.0096 

D. Rats subjected to chronic inanition 

J il m 117 175 97.0 0.0042 

M 12 m ? 173 128 .0(124.6) 0.0052 

MC m ? 190 129 .0(126.3) 0.0058 

M 6 m 2 175 138 .0(134.1) 0.0060 

Wit Tt m ? 190 163.0(158.5) 0.0064 

E 1. Rats refed one-half week after maintenance (three to twelve weeks) 

Stli2za3 m 85 123 48 .5(44.9) 0.0028 

St 10.25 f 87 113 40.5(36.5) 0.0022 
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TABLE 1—Concluded 

NOSE-ANUS BODY WEIGHT HYPOPHYSIS 
AT NO. SEX AGE 

AE INAS | 22s | ENE LENGTH GROSS (AND NET) | WEIGHT (FRESH) 

E 2. Rats refed one week after maintenance (three to twelve weeks) 

days mm. grams grams 

St 11.41 m 88 132 62.2(58.2) 0.0031 

St 11.42 f 88 125 55.0(50.3) 0.0031 

St 11.45 f 88 130 67 .6 (57.7) 0.0034 

St 12.48 if 88 125 50.2 (46.5) 0.0028 

St 10.27 f 89 127 55.0(51.4) 0.0028 

E 3. Rats refed two weeks after maintenance (three to twelve weeks) 

St 11.40 f 95 142 84.5(76.5) 0.0030 

St 11.48 f 95 143 79 .0(74.7) 0.0034 

St 12.49 f 95 129 60.5 (55.5) 0.0027 

St 12.51 f 95 137 17 .2(70.7) 0.0034 

St 10.26 m 96 150 91.0(86.3) 0.0033 

E 4. Rats refed four weeks after maintenance (three to twelve weeks) 

St 12.52 m 109 al 125.2(117.4) 0.0056 

St 12.47 f 109 161 106 .5( 98.0) ‘(0.0082 

St 11.44 f 109 151 94.2( 88.4) 0.0058 

St 11.46 f 109 163 118.0(110.1) 0.0088 

St 10.28 f 110 167 118 .0(109.5) 0.0068 

St 10.23 f 111 168 129.5(119.1) 0.0094 

E 5. Rat refed one year after maintenance (three to ten weeks) 

S 14.3 m AA 236 | 332.0(318.9) | 0.0097 

E 6. Rats refed after maintenance from age of three to twenty weeks 

S 33.120) f 339 181 162 .0(155.9) 0.0096 

S 33.118} m 346 204 229 .0(218.5) 0.0094 

The material was obtained immediately after the animals were 

killed (by chloroform). Especial care must be taken to avoid 

injury in the removal of delicate organs like the hypophysis. 

The glands were in nearly all cases fixed in Zenker’s fluid and 

stained with haematoxylin-eosin. Formalin and Zenker-formol 

were tried as fixatives, and iron-haematoxylin as a stain, with 

less satisfactory results. The glands were embedded in paraffin, 

and cut in sections (usually serial) 3 4 to 5 4 in thickness. The 
sections were cut in the frontal (coronal) plane. 
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The volumes of the various parts (lobes) of the hypophysis 

were determined by a method similar to that used by Hammar 

(14) for the thymus. The outlines of the sections, magnified 

75 diameters, were projected upon ‘‘ American Linen Record”’ 

paper (sheets 18 x 23 inches, 36 lbs. per ream) by means of an 

Edinger projection apparatus. Four samples, each 5 em. square, 

were weighed from each sheet, and the area corresponding to 

xach gram of paper determined. The various lobes as outlined 

were then cut out and weighed, and the corresponding areas 

calculated. This magnified area was then reduced to actual 

area and multiplied by the thickness of the sections, giving the 

actual volume for each lobe. By trial it was found to be un- 

necessary to draw every section, about 50 sections taken at 

equal intervals (every fifth to tenth section) being found to give 

nearly identical results. 

On comparing the original weight of the hypophysis with the 

volume obtained by the preceding method, there is apparently a 

marked discrepancy, the volume (in cubic centimeters) being less 

than half the weight (in grams) (table 2). The difference is due: 

(1) to the density of the gland; (2) to the capsule and extra- 

capsular structures attached, which were weighed but not in- 

cluded in the volume measured; (3) to the great shrinkage 

resulting from the process of fixation, dehydration and embedding 

in paraffin. This process alone would probably account for a 

shrinkage of nearly one-third in volume. 

For the pars anterior (distalis), a plan similar to that above 

given for the lobes was followed to determine the relative volumes 

of the vascular stroma and the parenchyma; and of the nuclei 

and cytoplasm in the parenchyma. For this purpose, a higher 

magnification (Zeiss 2 mm. apochromat with compensating o¢u- 

lar 6, giving magnification of 1420 diameters at table level) was 

used. A typical field was chosen, and as large an area as possible 

drawn, with the aid of a Spencer camera lucida. It is important 

that the section drawn represent as nearly as possible a true 

optical plane, and therefore no change of focus during the draw- 

ing is permissible. If this is not carefully done, there will be a 

tendency to draw the nuclei too large, since their maximum 
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diameter will frequently lie outside the optical plane chosen. 

On account of the unavoidable spherical aberration, a larger 

field will be available in a single optical plane if the section is 

a little thicker, hence 5 u is preferable to 3 u for this purpose. 

Four different fields from typical regions were thus drawn in 

sach case, and the average results taken (table 3). The total 

number of nuclei in the four fields varied from 269 (in St 47.5) 

to 509 (in 8 6.23). If we assume that the nuclei are spherical 

(which is, of course, not strictly true), the average area per 

nucleus in a given optical plane should, according to the rules 

of solid geometry, represent two-thirds the area of the corre- 

sponding great circle. (The volume of a sphere equals two- 

thirds of the volume of the circumscribed cylinder.) Upon this 

assumption, the average nuclear diameter was calculated (table 

3). The corresponding average cell diameter was also calculated, 

assuming that the cytoplasm surrounds the nucleus in a layer 

of uniform thickness. 

The diameters of nuclei and cells thus calculated can of course 

be considered only as roughly approximate. So far as the nuclei 

are concerned, however, the results were controlled by a series 

of direct measurements (with a filar wheel-micrometer eyepiece). 

In this case, the measurements were not restricted to a single 

optical plane, but the maximum nuclear diameters were obtained 

by focussing. The average nuclear diameters thus measured are 

given in table 4. Some variability is naturally to be expected, 

but the results by the two independent methods are seen to be 
in fair agreement. 

RELATIVE VOLUMES OF THE PARTS (LOBES) 

a. Normal growth 

It will be noted in table 2 that the ‘volume of lobes’ is usually 

slightly less than the corresponding ‘volume of gland.’ The dif- 

ference represents the volume of the hypophyseal cavity. This 

is relatively small (fig. 1), rarely exceeding 3 per cent of the total 

volume, and is not appreciably affected by imanition. Since 

the hypophysis was removed by division of the infundibulum, 
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it is evident that the portions described by Tilney (’13) in the 

floor of the third ventricle (eminentia saccularis and pars tuber- 
alis) are not included in the parts examined. 

From table 2 A it is evident that during normal postnatal 

growth there is considerable individual variation in the relative 
size of the various lobes. On comparing the younger (newborn 

to three weeks) with the older rats (ten weeks and above), how- 

im) 
I 

Fig. 1 From photographs representing frontal (coronal) sections through the 

normal hypophysis of the albino rat (A) at three weeks (rat J-1.2) and (B) at 

ten weeks (St 47.5). The hypophyseal cavity (residual lumen) and the three 

parts (anterior, intermedia and nervosa) are apparent. The anterior lobe is 

relatively larger in the older rat. X 25. 

ever, it appears that in general the pars anterior becomes rela- 
tively larger, the pars nervosa correspondingly smaller. The 

pars intermedia is variable, but in general apparently undergoes 

no definite change in relative size in either direction. 

That the hypophysis is relatively heavier in the female rat is 

already known (Hatai 713). The present data indicate that this 

is due chiefly, if not entirely, to a larger anterior lobe in the 

female. Comparing the 4 older males in table 2 A with the 4 

corresponding females, we find the following averages: 
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NOSE- : HYPO- 
ANUS ee eke PHYSIS | PARS ANT. | PARS INT. paar 

LENGTH z WEIGHT | BEM 
if 

mm. grams grams per cent | per cent per cent 

IRIES Rerernck tection ys raeks ous 190 188 | 0.00685) 82.0 OG 8.3 

INARA ATL G5 abe Pow Oe eee 179 148 | 0.00808 86.4 | 6.7 7.0 

Thus in the females the pars anterior appears to have gained, 

while the pars intermedia and, to a lesser extent, the pars ner- 

vosa, have decreased in relative (percentage) weight. 

The question naturally arises as to whether the increased rela- 

tive size of the anterior lobe in the female is sufficient alone to 

account for the known sexual difference in the weight of the 

gland. In the averages above shown, the higher percentage 
weight in the hypophysis of the female is more than sufficient 

to account for the sexual difference in the gross weight of the 

gland upon this basis. But this disregards the fact that in these 
cases the body weight is higher in the males, which might alter 

the relations. If, however, we compare female H 70.7 and male 

H 68.11, whose ages and body weights are not very different 

(see table 1), we still find that the larger hypophysis of the female 

(0.0099 gram) as compared with that of the male (0.0068 gram) 

may be accounted for as due chiefly to the heavier anterior lobe 
in the former (86.2 per cent by volume, as against 80.7 per cent 

in the male), as shown in table 2.. Or, comparing the absolute 

volumes (not given in the table), in the hypophysis of the male 

H 68.11 the volumes of the partes anterior, intermedia and ner- 

vosa were 0.00241 cc., 0.00033 ec. and 0.00025 cc., respectively ; 

while in female H 70.7 the corresponding volumes were 0.00386 

ec., 0.00034 ec. and 0.00029 ce. Thus the larger hypophysis of 

the female showed but slight increase in the partes intermedia 

and nervosa, but a very large increase in the pars anterior. 

It should further be noted, however, that in the rats used the 

sexual difference in the weight of the hypophysis is not so great 

as that shown in Donaldson’s (’15) tables for rats of correspond- 

ing weight or body length. To produce this difference would 

require a greater preponderance of relative size for the anterior 

lobe of the female than is found in my measurements. It is 
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TABLE 2 

Volumetric data on the parts (Lobes) of the hypophysis of the albino rat under 

various conditions 

PERCENTAGE FORMED BY 

ae —— sca|| Ge aes VOLUME OF | voLUME OF | 3% 4 3 

ay a a 

A. Normal rats (controls) 

days | grams grams ce ce. per cent|per cent) per cent 

Je Aas ||| Nib 4.9 0.0001745|) 0.0001599| 77.7 | 10.5 | 11.5 

Viegeeledd ina. |) Pl 29.0 | 0.0020 | 0.0006494| 0.0006480) 76.9 | 8.0 | 15.0 

Stee) |e Oi 196.0 | 0.0065 | 0.003172 | 0.003085 | 85.3} 6.0] 8.7 

H 70.3 | m | 70} 208.1 | 0.0078 | 0.003662 | 0.003662 | 79.8 | 11.9} 8.3 

H 68.11} m | 72} 170.8 | 0.0068 | 0.003068 | 0.002993 | 80.7 | 11.0} 8.38 

J 1.3 | m | 941] 177.0 | 0.0063 | 0.002844 | 0.002818 | 82.3] 9.7} 8.0 

a Helene Al 28.2 | 0.0018 | 0.0007877| 0.0007597| 79.2 | 8.0) 12.0 

S 47.1 f 21 33.4 | 0.0018 | 0.0008064| 0.0007913) 81.0 | 6.0 | 13.0 

Stra Onl et 67 123.5 | 0.0055 | 0.002946 | 0.002868 | 86.9} 6.0] 7.4 

jal AQs0 || a Zl 162.7 | 0.0099 | 0.004598 | 0.004485 | 86.2 | 7.5] 6.5 

Ap lee eA a Man 112} 161.0 | 0.0092 | 0.004346 | 0.004300 | 87.0 | 5.7 | 7.3 

sf Pas} || at 232) 145.0 | 0.0077 | 0.003685 | 0.003568 | 85.4 | 7.7 | 6.9 

B. Rats held at maintenance from age of three weeks 

St 47.4 | m | 66} 32.3 | 0.0020 | 0.0008340! 0.0008199| 76.1 | 7.9) 1529 

St 47.3 | m | 66] 34.0 | 0.0022 | 0.0008609} 0.0008417) 75.2 | 9.0] 16.0 

St 122507) mi S82)" 45:0) 70.0023") 02001053") OL00L0535 | 7120n OSs See 

C. Adult rats with acute inanition 

Ss) 2 m 223.0 | 0.0096 | 0.003957 | 0.003900 | 84.4] 6.5] 9.0 

S 16 f 190.0 | 0.0078 | 0.005723 | 0.005665 | 89.6} 3.5} 6.9 

D. Adult rats with chronic inanition 

M 12 m 128.0 | 0.0052 | 0.002491 | 0.002467 | 79.0) 7.0 | 14.0 

E 1. Rats refed one-half week after maintenance from three to twelve weeks of age 

St fOe25 a6 87 | 40.5 | 0.0022 | 0.001080 | 0.001060 | 75.6 | 7.0} 17.5 

E 2. Rats refed one week after maintenance from three to twelve weeks of age 

St 11.41 | m | 87 | 62.2 | 0.0031 | 0.001558 | 0.001462 | 78.3 | 8.0} 13.7 

St 10027 | 2 89 | 55.0 | 0.0028 | 0.001534 | 0.001494 | 81.0 | 7.0 | 12.0 

Ste At 88 | 67.6 | 0.0034 | 0.001431 | 0.001405 | 82.0 | 7.0] 11.0 

* Rat No. J 1.7 had just given birth to a (first) litter. 



GROWTH AND STRUCTURE OF HYPOPHYSIS IN RAT 331 

TABLE 2—Concluded 

PERCENTAGE FORMED BY 

GROSS rPO- ! 
RAT NO SEX | AGE Bone auaty WERE BE DIN | Veneta ties (Oe 2 S 5 AT NO. SEX |] AGE SI; Bs.) o 

GLAND LOBES Ss 3 rs 
WEIGHT WEIGHT ‘ a, He Be eee 

n 4 y Ti Bees Ngee gil. ge 
om ak ar 

iw ia ay 

E 3. Rats refed two weeks after maintenance from three to twelve weeks of age 

days grams gram ce. ce. per cent|per centtper cent 

St 10.26} m | 96} 91.0 | 0.0033 | 0.001843 | 0.001803 | 78.6 | 7.0 | 14.2 

St 11.40 | f 95 | 84.5 | 0.0030 | 0.001496 | 0.001443 | 81.6] 6.0} 12.4 

St 11.43 | f 95 | 79.0 | 0.0034 | 0.001680 | 0.001643 | 79.0] 7.0 | 14.0 

St 12:51 | f 95 | 77.2 | 0.0034 | 0.001362 | 0.001347 | 79.2 | 6.8 | 14.0 

E 4. Rats refed four weeks after maintenance from three to twelve weeks of age 

St 12.47 | f 109} 106.5 | 0.0082 | 0.002608 | 0.002608 | 86.7 | 4.5} 8.8 
/ 

E 5. Rats refed six or seven months after maintenance to age of about five months 

oO S 33.118} m | 346) 229.0 | 0.0094 | 0.004155 | 0.004086 | 7 

t 

9. m0) 

S 33.120} f 339} 162.0 | 0.0096 | 0.003981 | 0.003927 Jou 8 

therefore possible that further data would modify my provisional 

conclusion that the larger gland in the female is due to a larger 

anterior lobe. 

The pars intermedia averages somewhat higher in the males 

than might be expected according to the theory above mentioned 
(that the sexual difference in hypophysis weight is due to differ- 

ence in the anterior lobe alone), but this is probably due to the 

unusual individual variations, which table 2 shows to occur in 

the pars intermedia. 

It may be noted that in the one rat (J 1.7) killed at the end 

of pregnancy, the expected hypertrophy of the gland apparently 

failed to occur, and no marked change is evident in the relative 

size of the three parts (lobes). The other females used were all 

virgins. 

b. Volumes of the lobes in young rats held at maintenance 

As shown in table 2 B, in the 3 young rats held at maintenance 
(nearly constant body weight) from three to ten or twelve weeks, 

the pars anterior has been reduced in relative volume, the partes 
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intermedia and nervosa becoming correspondingly larger. This 

change is especially well marked in the rat held at maintenance 

up to twelve weeks of age. 

c. Volumes of the lobes in adult rats subjected to acute and chronic 

inanition 

The 2 rats, 8 27 and § 16, had been subjected to acute inani- 

tion (water but no food given) for about ten days, with resultant 

loss of about 30 per cent in body weight. The final body weights 

are given in table 1. The pars anterior of the hypophysis in 

these rats appears relatively somewhat larger than normal, the 

pars intermedia somewhat smaller, the pars nervosa not much 

changed in relative size (table 2 C). 

In the rat (M 12) subjected to chronic inanition (progressive 

underfeeding for thirty-six days, with loss of 86 per cent in body 

weight), the partes anterior and intermedia are smaller and the 

pars nervosa larger than normal in relative size (table 2 D). 

Thus the relative changes in the size of the lobes during chronic 

inanition of the adult appear in general to resemble more nearly 

the changes in the young during maintenance, which are some- 

what different from those during acute inanition. The general 

resistance of the pars nervosa during inanition recalls the similar 

behavior of the closely related brain. 

d. Volumes of the lobes in rats refed after maintenance 

As seen in table 2 (EF. 1, E 2, E 3 and E 4), in the young rats 

refed one-half week, one week, two weeks and four weeks, there 

is a considerable individual variation in the relative size of the 

parts (lobes) of the hypophysis. In general, however, there 

appears a gradual return to the normal proportions, the pars 

anterior increasing and the partes intermedia and nervosa de- 

creasing in relative (percentage) volume. The exceptionally 

small pars intermedia in the rat refed 4 weeks is probably an 

individual variation. 

Two rats (table 2 E 5) were refed six or seven months after a 

long period of maintenance, from the age of three weeks to five 
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months. In these cases, although the body weights and hy- 

pophysis weights are nearly normal, the lobes are abnormal in 

their relative size. In each the pars anterior is relatively small, 

and the pars nervosa large. This resembles the change found 

after maintenance in young rats and chronic inanition in older 

rats. It is therefore probably a persistent effect of the manition 

during the prolonged period of maintenance. 

VOLUMETRIC ANALYSIS OF TISSUES AND CELLS IN PARS ANTERIOR 

As shown in table 3, data were obtained in eight cases by the 
method previously described. A larger number of observations 

TABLE 3 

Volumetric data on the component parts (tissues and cells) in the pars anterior 

(distalis) of the hypophysis of the albino rat under various conditions. 

PARENCHYMA 

CELLS AVERAGE 

DIAMETER 

PERCENTAGE OF 
A | PARENCHYMA 
VESSELS) ,,RpN-| FORMED BY 

RAT NO. SEX AGE AND CONDITION ee CHYMA (c ALC ULATED) 

Nuclei | Oto: | Nuclei) Celt w 

per cent|per cent|per cent|per cent 

J  1.7a| m | Normal newborn Ge |) GBoe) |) Gebel |) G8) |) 8) {) Oa 

St 47.1 | f | Normal 21 days 9.6 || 90.4 | 24.1 |) 75.9) | 5.809 

St 47.5 | m | Normal 67 days 10.6 | 89.4 | 19.7 | 80.3 | 6.0} 13.6 

Si ay IN ae Maintained 3-10 weeks 13.4 | 86.6 | 25.9 | 74.1 Esa) || ae 

Se Onze th Maintained 3-10 weeks 8.8 | 91.2 | 23:4 | 76.6 4.9] 10.2 

Sik Swell | ar Maintained 3-15 weeks 13.4 | 86.6 | 28.4 | 71.6 Be || LOW 

Seal m | Adult acute inanition UG 7 || 3.8). | 2.7 I Teas S20) |) LORS 

M 12 m | Adult chronic inanition eo || SH |) 233i |) wor Deemed) 

would doubtless reveal much individual variation, so that no 

great emphasis can be laid upon the exact figures in the data 

obtained. These quantitative data confirm the general impres- 

sions noted in the much larger number of cases studied, however, 

so that the general conclusions may be regarded as fairly certain. 

a. Relative volumes of stroma and parenchyma (table 3) 

In the pars anterior of the normal newborn rat, the vessels 

and associated stroma form 6.7 per cent of the total volume, 

increasing to 9.6 per cent at three weeks and to 10.6 per cent at 
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ten weeks (sixty-seven days). At this time the gland appears 

to have reached its maximum normal vascularity; though no 

actual measurements were made upon later stages, and there is 

naturally some individual variation. 

In young animals held at maintenance, there is usually a 

striking increase in the vascularity, the sections showing a marked 

hyperemic appearance. This is confirmed by the measurements 

on two of the three cases in table 3, both showing an increase 

of the vascular stroma to 13.4 per cent. The third case repre- 

sents an unusual condition in which, on the other hand, there 

appears to be a slight decrease to 8.8 per cent in the volume of 

the vessels and associated stroma. 

In adult rats subjected to acute or chronic inanition the 

hyperemia is usually even more conspicuous than in the younger 

animals. This is confirmed by the measurements, showing for 

the vascular stroma 16.7 per cent by volume for the case of acute 

inanition and 17.5 per cent for the chronic inanition. These 

may be considered as typical, though here also individual varia- 

tions occur. 

In general, therefore, it appears that during inanition in the 

pars anterior the parenchyma becomes reduced in relative vol- 
ume, with corresponding increase in the vascular stroma. ‘This 

increase is due chiefly to a distention of the blood-vessels, giving 

the sections a markedly hyperemic appearance. In a few eases, 

especially in the young held at maintenance, there is also some 

increase in the intercellular substance. 

b. Relative volumes of the nuclei and cytoplasm of the parenchyma 

(table 3) 

In the parenchyma of the pars anterior, the nuclei form 34.1 

per cent of the total cell volume in the newborn, decreasing to 

24.1 per cent at three weeks and to 19.7 per cent at ten weeks 

(sixty-seven days). The cytoplasm, of course, undergoes a 

corresponding increase in relative volume (figs. 2 and 4). The 

relations found in the specimen at ten weeks (St 47.5) appear 

to be typical for adults, although no actual measurements were 
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made at later stages. Some allowance must also be made for 

variations, both in different individuals and in different parts of 

the gland in the same individual. 

In 2 of the 3 young rats held at maintenance, in which the 

volumetric data were obtained, there appears to be a relative 

increase in the nuclear volume to 25.9 per cent and 28.4 per cent 

respectively. This involves a corresponding loss in relative vol- 

ume for the cytoplasm, which is doubtless typical (fig. 3). _Indi- 

vidual variations occur, however, as in the third case (S 6.28, 

which also had a small stroma volume), in which the nuclei 

formed 23.4 per cent by volume, or slightly less than the normal 

at three weeks. 

In the two older rats subjected to chronic and acute inanition 

the relative increase in nuclear volume (with corresponding cyto- 

plasm decrease) appears even more strongly marked, reaching 

23.1 and 25.7 per cent respectively, in comparison with 19.7 per 

cent for the normal. The crowding of the nuclei with reduction 

of cytoplasm is evident in figure 5. Allowance must of course 

be made for variations, but the general tendency is unmistakable. 

c. Hstimated size of cells and nuclei 

The average diameters of the cells and nuclei of the paren- 

chyma in the pars anterior, calculated as explained under ‘‘ Mate- 

rial and Methods,”’ are given in the last two columns of table 3. 

The average cell diameters by this method appear to increase 

from 10.1 » in the newborn to 11.9 uw at three weeks and 13.6 u 

at ten weeks (sixty-seven days). This appears to represent the 

average permanent adult size, although individual variations 

occur. 

In the young rats held at maintenance, the average cell diame- 

ters in the three cases measured by this method range frem 9.7 u 

10.2 u, or considerably less than the normal at three weeks (11.9 ). 

In the adults subjected to acute and chronic inanition, the cell 

diameters are 10.8 » and 11.0 wu, likewise a marked reduction in 

comparison with the normal (13.6 u). 

The corresponding average nuclear diameters, estimated by 

this method, show very little change with age in the normal rats, 
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being 5.9 uw in the newborn, 5.8 » at three weeks and 6.0 uw at 

ten weeks (sixty-seven days). In the three young rats held at 

maintenance, the nuclear diameter has diminished, varying from 

4.94 to 5.34. In the 2 older starved rats the corresponding 

diameters are 5.3—-5.5 uy. 

DIRECT MEASUREMENT OF NUCLEAR DIAMETERS 

Owing to the imperfections of the volumetric method pre- 

viously considered, and to the small number of cases to which 

it was applied, the results should be considered as only approxi- 

mate and not final. So far as the nuclear diameters are con- 

cerned, however, the results have been controlled by a totally 

different method, that of direct measurement of the nuclear 

diameters with a filar micrometer eyepiece. Where the nuclear 

diameters are unequal (slightly ellipsoidal forms are frequent), 

the average of the longer and shorter diameters was taken. 

Nuclei apparently cut near the edge, so as to leave the maximum 

extent outside the section, were avoided so far as possible. The 

average (and range) for 100 nuclei in each case is shown in table 4. 

The results of these direct nuclear measurements are more 

uniform, and in closer agreement with those of the volumetric 

method, than might be expected. This will appear upon a com- 

Fig. 2. A small portion of the pars anterior of the hypophysis in a normal rat 

at three weeks (J 1.2). Most of the cells are of the faintly basophilic type. Some 

eosinophilic cells are indicated by darker staining (two near the upper margin of 

the figure). A few chromophobie cells are shown, a group of four near the right 

margin. Zenker fixation; haematoxylin stain. Drawn with the aid of a camera 

lucida. X 950. 

Fig. 3. A small portion of the pars anterior of the hypophysis in a young rat 

(S 5.12) held at maintenance from age of three to ten weeks. The inanition 

effect is very marked, with hyperemia and atrophy of the parenchyma. Cyto- 

plasm diminished in amount, sparsely granular and filled with coarse vacuoles 

which in places coalesce to form irregular spaces. Nuclei hyperchromatic, in 

various stages of pyenosis. Zenker fixation; haematoxylin-eosin stain. Drawn 

with the aid of a camera lucida. > 950. 

Fig. 4 A small portion of the pars anterior of the hypophysis in a normal rat 

aged ten weeks (St 47.5). This represents the typical adult structure. Most of 

the cells are of the weakly basophilic type. Several eosinophiles are indicated, 

the more strongly acidophilic having a darker color. Zenker fixation; haema- 

toxylin-eosin stain. Drawn with the aid of a camera lucida. » 950. 
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parison of tables 3 and 4. The direct nuclear measurements 

were made in a larger number of cases (12) and therefore give 

a somewhat better idea of the amount of individual variation. 

The direct measurements of nuclei, as shown in table 4, were 
made for the pars intermedia as well as the pars anterior. Con- 

sidering the latter first, measurements were in most cases made 
separately for the eosimophile and non-eosinophile (including 

Fig. 5 From a photograph showing a small part of the anterior lobe of the 

hypophysis in an adult rat (M 12) subjected to chronic inanition. Marked 

effects of inanition: hyperemia; atrophy and loss of specific staining reactions 

in cytoplasm; hyperchromatism and pyenosis of nuclei. Zenker fixation; haema- 

toxylin-eosin stain. X 440. 

basophile and chromophobe) cells. In the earlier normal stages 

there does not appear to be any constant difference in nuclear 

size between the two classes of cells. But later, and especially 

in the rats subjected to inanition, the average is less for the 
nuclei of eosinophiles. This is probably because the eosinophiles 

appear more prone to karyopyenosis. 
The nuclei of the pars intermedia cells do not differ much in 

size from those of the pars anterior, especially of the non-eosino- 
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TABLE 4 

Average diameter of nuclei of parenchyma cells in the hypophysis of the albino rat 

under various conditions. Direct measurements by means of the filar microme- 

ter. Average (and range) of 100 nuclei in each case 

PARS ANTERIOR (DISTALIS) 
RAT NO. SEX AGE AND CONDITION pease a 

Non-eosinophiles| Hosinophiles 

a LM a 

J 1.7a) m | Normal newborn 15 .8(3.4-7.3) 5.8(3.4-7.5) 

J 2.1 | m | Normal 21 days 5.7(4.2-6.9)} 5.8(4.5-6.8)| 5.7(5.0-6.8) 

st 47.1 || f Normal 21 days 5.6(4.0-7.0)| 5.7(4.5-6.6)| 5.4(4.0-7.0) 

St 47.5 | m | Normal 67 days 5.7(4.5-6.6)| 5.7(4.8-6.3)| 5.8(5.1-7.1) 

St 47.6 | f Normal 67 days. 6.0(4.0-7.5)| 5.7(3.8-6.7)|, 5.8(4.8-7.1) 

E346" | ft Normal 225 days 5.9(4.7-6.7)| 5.4(4.3-6.3)| 6.1(5.0-7.2 

Ss) GPa Maintained 3-10 weeks| 5.6(4.2-6.9)| 5.2(3.5-6.1)| 5.4(4.4-7.2) 

S 5.12) f | Maintained 3-10 weeks | 15.4(4.1-6.5) 5.4(4.4-6.2) 

St 33.1 | f | Maintained 3-15 weeks | '5.3(8.7-6.9) 5.8(4.5-6.6) 

Se 27 m | Adult acute inanition 5.3(4.0-6.4)| 5.1(3.6-6.4)]} 5.5(4.5-6.6) 

M 1 m | Adult acute inanition 5.2(3.5-6.2)| 5.3(3.5-6.4)| 5.7(4.3-6.9) 

M 12 m | Adult chronic inanition| 5.2(3.7-6.5)| 4.7(3.1-5.7)| 5.3(3.3-6.1) 

1 Including some eosinophiles. 

philes. During inanition they show in most cases less shrinkage 

than do the pars anterior nuclei (especially of eosinophiles), 

though here as elsewhere much individual variation is found. 

OCCURRENCE OF MITOSIS IN THE PARTS (LOBES) 

In order to determine the rate of mitosis in the hypophysis of 

the rat under various conditions, the number of mitoses was 

counted in 40 cases, as shown in table 5. In each case, one or 

more (up to 5) entire coronal (frontal) sections, chosen to show 

maximum areas (especially of partes intermedia and anterior) 

were systematically examined by means of a mechanical stage, 

and the total number of mitoses counted for each part (lobe). 

As might be expected, much individual variation is found, both 

in different individuals and in different sections of the same 

gland. The general trend, however, is clear and is well shown 

in the condensed table of averages (table 6). Amitosis was not 

observed in any case. 
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TABLE 5 

Mitosis in the hypophysis of the albino rat under various conditions 

NUMBER OF MITOSES COUNTED IN ENTIRE CORONAL 

SECTIONS OF THE HYPOPHYSIS IN THE GROSS HYPO- 

RAT NO. SEX AGE BODY PHYSIS 

WEIGHT WEIGHT : Pars Pars 

Pars anterior intermedia nervosa 

A. Normal rats 

days grams grams 

le dai|e mami: 4.9 46; 68; 67; 66 frporg desea) |p abe abo Be 

Sted2eon iat LOES| OR00L2 5 | 162 Tos 8 232200) OORT 2 SOOO 

St 80.5 | f 2, 15.5 -| 0.0020 | 16 0 0 

J ial, |) sam 21 ZOOS OROOZOM acai adeslilesae 2535 L223! OOOO 

See 9) ia 21 Sil) || O.OW2Z2 | 7/2 IMs 32 Os & IS WS era Oe (We We Os O) 

Sie ier anlet 21 33.4 | OL00LS | 536565 636 IEEE EROS A) Os OP (2 O80) 

St 4726 1 Ol 123.5 || OOS | Beals he We 2 OF Ws OS ORO! Mr Os Os Os 

St 47.5 | m 67; 196.0 | 0.0065 | 0; 0; 0 0; 0; 0 0; 0; 0 

H 68.11) m 72| 170.8 | 0.0068 | 2 0 0 

SS) 8} || ina Ca UB |) McWUay || Bs Be 18 I OF ORO 0; 0; 0; 0 

J a |) aan 94, 177.0 | 0.0068 | 10; 12; 8 Ls RSP?) 0; 0; 0 

Jel GS. || can |) OR) es || OOoge. | Os 2 Ont 0; 0 

St 12.54) f 2 OF SOR005S5 NORF2 0; 0 0; 0 

Hi 3456 | i 225, 195.0 | 0.0108 | 0; 0; 1 0; 0; 0 0; 0; 0 

B. Rats held at maintenance from age of three weeks 

St 47.3 | m 66) 34.0 | 0.0022 | 0; 0; 0;1 ;0; ORO FOS ORO Os Wes Ms Oe 0 

St 47.4 | m 66 3270) |) OLO0Z0) 0-0-0 100 OP OE WS We}! We Me Wie Os O) 

SS) @s 25H] i 72 26.1 | 0.0033 | 0 0 0 

Sy ALL) ae ae: 25.3 | 0.0018 | 0 0) 0 

Sel G5| em 73 23.8 | 0.0022 | 0 0 0 

SS Dale 74 26.1 0200170 0 0 

Sip Goll | iF 104 TOES TORO00LOT SE OesOEO O0500 0/50 00 30-0 

St 38.8 | m |} 139 S080) 000208 00-0 OP OS MR ORO Os Oe Me Os (0 

C1. Rats refed one-half week after maintenance from three to twelve weeks of age 

St 12.53] m 85, 48.5 | 0.0028 | 2; 2 0; 0 0; 0 

St 10225) f 87 A0)-5) | 10).0022,7| £: 2 0; 0 0; 0 

C 2. Rats refed 

11.41) m 88 

OZ) a 89 

12.48] f 88 

AS ai 88 

PAZ EE 88 

62 

55 

50. 

6 

5 

~J 

ery hey ay hy) o. 

0.0031 

0.0028 

0.0028 

0.0054 

0.0031 
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TABLE 5—Concluded 

IN RAT d41 

NUMBER OF MITOSES COUNTED IN ENTIRE CORONAL 

SECTIONS OF THE HYPOPHYSIS IN THE GROSS HYPO- 

RAT NO. SEX AGE BODY PHYSIS 

WEIGAT | WEIGHT y ‘ Pare Pee 

Pars anterior intermedia nervosa 

C 3. Rats refed two weeks after maintenance from three to twelve weeks of age 

days grams grams 

St 12.51] f 95] 77.2 | 0.0034 | 8 0 0 

St 12.49} f 95) 60-5) |) 020027) 5 0 0 

St 11.40) f 95} 84.5 | 0.0030 | 13;8 0; 0 0; 0 

St 11.43) f 95) 79.0 | 0.0034 | 6 0 0 

St 10.26) m 96; 91.0 | 0.0033 | 5 0 0 

C 4. Rats refed four weeks after maintenance from three to twelve weeks of age 

St 10.28) f 110} 118.0 | 0.0068 | 1; 1 Oe il 0; 0 

St 10.23) f 111} 129.5 | 0.0094 | 5 0 0 

St 12.47) f 109} 106.5 | 0.0082 | 3 0 0 

St 12.52) m_| 109} 125.2 | 0.0056 | 5 0 0 

St 11.46} f 109} 118.0 | 0.0088 | 107; 112 0; 0 0; 0 

C5. Rat refed six months after maintenance from three to twenty weeks of age 

S 33.118} m | 346; 229.0 | 0.0094 | 0 0 0 

a. During normal growth of the hypophysis 

To determine the rate of mitosis in the normal gland at vari- 

ous ages, sections were examined from 14 individuals, varying 

from newborn to 225 days of age (tables 5 and 6). In the new- 

born, mitosis is very active throughout the gland, the average 

being 62 mitoses in each section for the pars anterior, 9 for the 

pars intermedia, and 7 for the pars nervosa. Considering the 

difference in the areas of the three lobes (fig. 1), it may be con- 

cluded that the actual number of mitoses for a given number 

of cells (the ‘mitotic index’ of Minot) would probably be similar 

in all three lobes, though somewhat less in the pars nervosa. 

In the pars nervosa, mitoses soon disappear. From an average 

of 7 per section in the newborn, they decrease to an average of 

two-fifths (i.e. 2 mitoses found in 5 sections) at seven days. In 

later stages (twelve days and above) none was found in any 
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‘ase. Growth in the pars nervosa thereafter consists almost 

entirely in the accumulation of intercellular substances. 

In the pars intermedia mitosis continues, but at a progres- 

sively decreasing rate. The decrease is even relatively greater 

than is apparent, on account of the progressive increase in the 

absolute size of the areas examined. The average of 9 mitoses 

per section in the newborn decreases to a little less than 1 at 

one week and three weeks, and to one-thirteenth at ten weeks. 

TABLE 6 

Summary of number of mitoses in sections of the hypophysis. Averages from table 

5 (exceptional cases J 1.3 and St 11.46 being excluded) 

AVERAGE NUMBER OF 

SARL Gin MITOSES PER SECTION IN 

a ames BACH SEX IN CONDITION 

GROUP Pars oe Pare 

anterior media | 2&rvosa 

days 

Newborn ian Normal 62 9 a 

a iL ai Normal 18 3 2 

21 1m, 2f Normal 7 |. Se Aamo 
70 Samael ah Normal 2 a5 0 

145 any 2p Normal 2 1 0 

83 4m, 4f Maintained from 3 weeks 4 0 0 

86 a, let Refed + week 13 0 0 
88 Im, 4f Refed 1 week a L 0 

95 Im, 4f Refed 2 weeks 7 0 0 

110 liom san | Refed 4 weeks 3 1 0 

346 1m Refed 6 months 0 0 0 

It apparently increases somewhat in the older cases (even exelud- 

ing J 1.8, which also shows an abnormally large number in the 

pars anterior), bringing the average up to one-seventh. This 

apparent increase is probably due to chance variation in the 

relatively small number of sections examined. 

In the pars anterior, the rate of mitosis likewise decreases 

(tables 5 and 6), the average number being 62 at birth, 18 at 
one week, 7 at three weeks, 2 at ten weeks and five-sevenths in 

3 older rats. From the last group is excluded one very excep- 

tional case (J 1.3, 94 days) in which the number of mitoses varied 

from 8 to 12 per section. This represents an extreme individual 
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variation. At the other extreme is St 47.5 (at 67 days) in which 

no mitoses were found in 3 entire sections. In this case the body 

weight was unusually high (196 grams), however, and growth 

had probably become very slow as the adult weight was ap- 
proached. It is probable that occasional mitoses occur so long 

as growth continues. 

b. Mitoses in young rats held at maintenance, and in adults with 

acute and chronic inanition 

In the young rats held at maintenance from the age of three 

weeks to ten weeks or more, mitosis has nearly ceased (tables 

5 and 6). No mitoses were observed in the partes intermedia 

and nervosa. In the pars anterior, however, mitoses still occur 

occasionally, the total number found in 24 sections being 6, or 

an average of one-fourth per section. It is of interest to note 

that occasional mitosis in the pars anterior persisted even in a 

rat held nearly at maintenance from three weeks to twenty 

weeks of age (St 38.8), and which was nearly dead from inanition 

when killed. In spite of this persistent mitosis, however. the 

pars anterior apparently suffers the greatest relative loss in 

volume, as previously shown. 

No mitoses were observed in any of the older rats subjected 

to acute and chronic inanition. No systematic search was made 

for them over entire sections, however, so they are not included 

in the tables. 

c. Mitoses in various stages of refeeding after maintenance 

In the young rats refed after a period of maintenace (tables . 
5 C and 6), mitoses were never found in the pars nervosa. In 

the pars intermedia, in rats refed one to four weeks, they occur 

occasionally, about as often as in younger normal rats of corre- 

sponding weight. In the pars anterior, mitosis reappears 

promptly. In rats refed only one-half week, in 4 sections ex- 

amined a total of 7 mitoses was observed (table 5 C1), or an 

average of one and three-fourths per section. The rate increases 

to an average of about 7 mitoses per section in rats refed one 

week and two weeks, and about 3 in those refed four weeks. 
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No mitoses were found in one rat (8 33.118), which had been 

refed six months after maintenance from three to twenty weeks 

of age. This rat, however, had a body weight of 229 grams, 

and had nearly ceased to grow. In general, therefore, we may 

conclude that after one week or more of refeeding the rate of 

mitosis corresponds in general to that of normal younger rats 

of similar body weight. 

In these refed rats, however, marked individual variations in 

the number of mitoses are found, both in different individuals 

and in different sections of the hypophysis of the same individual. 
These variations usually have no obvious cause. In one very 

exceptional case, however, an apparent cause was found. In 

rat St 11.46 (table 5 C4), refed four weeks after maintenance 

from three to twelve weeks, an astonishing number of mitoses 

was found in the pars anterior, 107 being counted in one section 

and 112 in another. This enormous rate of mitosis was appar- 

ently somewhat evenly distributed throughout the lobe, though 

no actual counts were made in other sections. It seemed to 

involve all types of cells. No mitoses were found in the partes 

intermedia and nervosa. The apparent cause of this abnormal 

mitosis was found in a small inflammatory lesion near the center 

of the anterior (dista]) lobe, which presented a circumscribed 

area filled with polymorphonuclear leucocytes. The stimulus 

from this lesion doubtless caused the proliferation of cells through- 

out the anterior lobe, while apparently not affecting the remainder 

of the gland. 

CHANGES IN HISTOLOGICAL STRUCTURE 

The normal histology of the hypophysis in the rat has been 

described briefly by Tilney (11, 713) and by Stendell (14). In 

the following description, only those features especially con- 

cerned in the changes during inanition will be considered. 

a. Pars nervosa 

In the newborn rat the pars nervosa in structure resembles a 

vascular mesenchyme, with numerous stellate or spindle-shaped 
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(neuroglia) cells, whose cytoplasm fades off into a very fine 

intercellular network (neuroglia fibrils). The nuclei are rounded 

distinct, and moderately chromatic. In some cases they appear - 

naked and nearly free from cytoplasm, which is the typical con- 

dition from the age of one week onward. 

In later stages (3 weeks and above) the nuclei become pro- 

gressively scattered, usually rounded or elliptical in form, and 

vesicular in appearance, with average diameter of about 6 u 

(range 4 to 8x). The internuclear mass presents a fine plexus 

of (neuroglia) fibrillae, interspersed apparently with a granular 

matrix or ground substance. Among these granules there is 

found a variable number of spherical masses, sometimes exceed- 

ing the nuclei in size, and resembling ‘colloid’ in appearance. 

They doubtless correspond to the colloid masses described by 

Herring (’08) and Trautmann (’09) in the neural lobe of various 

animals. 

The only change noted in the structure of the pars nervosa 

during inanition (either in young or adults) is a variable degree 

of hyperchromatism in the nuclei. In extreme cases, the nuclei 

rarely become somewhat irregular, shrunken and pycnotic. No 

definite change was observed in the internuclear mass, in the 

fibrillae, granules or ‘colloid’ balls. 

b. Pars intermedia 

The pars intermedia (fig. 1) forms an epithelial plate sepa- 

rating the pars nervosa from the residual lumen (hypophyseal 

cavity). This plate is only a few cells thick in the central 

region, but thicker peripherally. The cell boundaries are usually 

indistinct. From the age of three weeks onward the cells of 

the limiting layer (next to the lumen) are more or Jess flattened, 

and rarely present small ciliated areas. 

In structure, the cells usually present cytoplasm filled with 

fine, pale violet granules, resembling those of the faintly baso- 

philic cells of the pars anterior. The nuclei are round or oval, 

and moderately chromatic. Hyperchromatic and even pycnotic 

nuclei are occasionally found, but are rare in the normal animals. 

They are mentioned by Stendell (14) as of uncertain significance. 
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During inanition, the pars intermedia presents a varied struc- 

ture, but on the whole the changes are usually not very marked. 
These changes are somewhat similar in the young rats held at 

maintenance, and in the older rats subjected to acute and chronic 

inanition. 

The cytoplasm during inanition as a rule does not appear less 

abundant than in the normal animal, except in certain atrophic 

areas of variable size and number. Here the cytoplasm may be 
scanty, and the nuclei closely packed. In structure, however, 

the cytoplasm usually appears altered, more rarefied and sparsely 

granular in appearance. Sometimes it assumes a markedly 

reticular or vacuolated appearance, but this is not constant. 

Around pyenotic nuclei, the cytoplasm usually assumes a more 

dense and homogeneous appearance, and stains more deeply 

basophilic. 

The nuclei of the pars intermedia cells during inanition, ac- 

cording to the measurements above given (table 4) show a slight 

decrease in size, though frequently with but little evident change 

in structure. There is usually a definite tendency to hyper- 

chromatism, however, less marked in some cases but distinet in 

others (especially when the inanition is extreme). In some cases, 

especially in the atrophic areas above referred to, the nuclei 

present variable degrees of pycnosis. IXaryorrhexis and karyoly- 

Sis are rare. 

In this connection may be mentioned the ‘colloid.’ The col- 

loid-like masses in the pars nervosa have already been con- 

sidered. In the rat, colloid does not occur in the pars inter- 

media, but is usually found in the lumen of the hypophyseal 

cavity, at and after the age of three weeks. The amount is 

small, though somewhat variable. It presents marginal vacuoles 

resembling those in the colloid of the thyroid follicles. Traut- 

mann (’09) mentions vacuoles in the colloid of the hypophysis 

of domestic animals, but considers them artefacts. If these 

vacuoles are interpreted as secretion phenomena, it is of interest 

to note that in the rat they appear more typically and fre- 

quently on the surface toward the pars intermedia, more rarely 

on the surface next to the pars anterior. No constant changes 
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in the amount or structure of the colloid (either in the cavity or 
in the pars nervosa) were observed in the rats subjected to 

inanition. 

c. Para anterior (distalis) 

The parenchyma cells of the pars anterior present the well 

known types (figs. 2 and 4). These have been classified in 

various ways, the most useful for present purposes perhaps 

being that of Trautmann (09). He recognizes the following 

classes of cells: (1) acidophilic (strongly or weakly); (2) baso- 

philic (strongly or weakly); (8) chromophobic. The number, 

arrangement and structure of these cell-varieties differ consid- 

erably in different species; and, at least in the rat, in different 

individuals. 

The chromophobes form an undifferentiated type of cell, 

relatively numerous in the newborn rat, but somewhat rare 

after the third week. The weakly basophilic type is usually 

the most numerous, the strongly basophilic rare. The acido- 

philic (eosinophilic) type is evident in the newborn and at three 

weeks, though much better differentiated later. It usually forms 

at least one-third of the total number of cells. The weakly 

acidophilic are more numerous than the strongly acidophilic, 

though it would be hard to draw the line between them. In fact, 

there appear to be numerous transition forms between all varie- 

ties (especially the chromophobic and weakly basophilic). 

Tilney (11) describes the basophiles as occupying the pe- 

riphery, and the acidophiles the central region. I do not find 

any constant arrangement of this sort. The acidophiles are 

usually scattered throughout the lobe, either singly or in small 

groups, interspersed with basophiles. Sometimes, however, 

either basophiles or acidophiles may predominate in the pe- 

riphery. 

In the normal gland, the cytoplasm of the chromophobie cells 

is very small in amount, sparsely granular, and faintly staiming 

(fig. 2). In the basophilic and acidophilic types, the cyto- 

plasm is more abundant and usually finely (sometimes coarsely) 

granular in appearance. In the strongly chromophilic cells, 
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however, the cytoplasm tends to become more homogeneous in 

appearance. In the eosinophiles, at least, this is apparently 
because the stain affects the intergranular substance as well as 

the granules of the cytoplasm (figs. 2 and 4). Sometimes the 

cytoplasm presents a finely vacuolated appearance. Various 
developmental stages of the ‘ring-cell’ type described by Addison 

(16) are oceasionally met in rats of ten weeks or more. The 

cell-boundaries of the acidophiles (eosinophiles) are usually dis- 

tinct, while those of the basophiles and chromophobes are indis- 

tinct. The various types of cells in the hypophysis of the 

normal rat are well shown by colored figures in the second volume 

of Bied] (13). 

The nuclei of the chromophobic and weakly chromophilic cells 

are spherical or ellipsoidal in form and similar in structure, pre- 
senting a distinct nuclear membrane and an indistinct, irregular 

nuclear reticulum with one or more distinct karyosomes (figs. 2 

and 4). The nuclei are somewhat vesicular in type and only 

moderately chromatic. To a certain extent, the amount of 

chromatin appears to vary inversely with the age, since the 

nuclei stain more deeply in the younger stages (up to three weeks) 

than in the older (ten weeks or more). 

The nuclei of the eosinophilic cells also show a tendency to 

more highly chromatic (deeply staining) condition, which is 

especially marked in the strongly eosmophilic (as noted by 

Stendell 714), as well as in the rarer strongly basophilic cells. 

In the strongly eosinophilic cells, it was frequently noted that 

the nuclear matrix (karyolymph) becomes acidophilic, staining 

red like the cytoplasm. It may likewise appear purplish in 

the strongly basophilic type. 
In a few of the strongly chromophilic cells the nuclei may in 

extreme Gases present even a pycnotic condition. This tendency 

to pycnosis is usually more evident toward the periphery, near 

the surface of the gland and usually involves more or less atrophy 

of the cytoplasm. In addition to these apparently normal pyc- 

noses, others may be observed in the region of injuries produced 

during removal of the gland. This was found also in the thy- 

roid gland (Jackson ’16). Pyenotic nuclei, possibly degenera- 
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tive in character, were observed by Schénemann (’92) in the 

pars anterior of the human hypophysis, and by Stendell (714) 

in the rat. 

During inanition, the changes in the parenchyma cells of the 

pars anterior are similar in the young rats held at maintenance, 

and in older rats subjected to acute and chronic inanition. As 

might be expected, the changes are usually more marked in 

cases where the inanition is more protracted or severe. The 

changes vary greatly even in different parts of the same indi- 

vidual, so that great care is necessary in drawing generalized 

conclusions. Some areas May even remain nearly normal in 

appearance, while others show extreme changes of atrophy and 

degeneration. In general, such changes are usually found more 

marked and extensive in the peripheral portions of the gland. 

The surrounding pressure might render the surface layers of an 

organ somewhat more prone to atrophy, but it is difficult to 

understand why this should be so pronounced in the case of the 

hypophysis. 

As already shown, there is during inanition usually a marked 

loss in the volume (both relative and absolute) of the cytoplasm. 

Even in areas retaining a considerable amount of cytoplasm, its 

structure frequently becomes coarsely vacuolated. In other 

ceases (especially during maintenance and chronic imanition) 

these vacuoles apparently coalesce to form a watery intercellular 

substance, leaving the nearly naked nuclei surrounded by a thin 

layer of cytoplasm (fig. 3). On account of such changes, together 
with the hyperemia characteristic of inanition, it is evident that 

the loss in protoplasmic substance may be (and usually is) pro- 

portionately much greater than the loss in gross weight of the 

gland. 

The cytoplasm also tends in general to lose its specific staining 

reactions. The strongly chromophilic types stain more faintly, 

and the weakly chromophilic become chromophobic. In extreme 

cases, and in areas of marked atrophy, all cells may become 

chromophobic, with no trace of acidophilic or basophilic reac- 

tions. For the most part, however, the cytoplasm does not 

reach this stage, but becomes more or less sparsely granular, 
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with a corresponding diminishing intensity of the specific stain. 

In some regions (especially in the central portion of the gland) 

the staining reactions may be preserved much better than else- 

where. 

Corresponding to the cytoplasmic atrophy, there are also 

changes in the nucleus. That there is loss in volume (though 

less than in the cytoplasm) in the nucleus has already been shown 
by measurements. In structure, some areas may show rela- 

tively little nuclear change, but in the great majority of cases 

there is a very decided hyperchromatism (figs. 3 and 5). This 

is best marked in the peripheral atrophic regions above referred 

to, where all the nuclei may present the typical pyenotic condi- 

tion, shrunken, deeply staining and homogeneous. Or inter- 

mediate stages may occur, in which the nuclei are larger, with 

the chromatin dissolved into a pale-blue homogeneous matrix 

which obscures the nuclear network. Jaryorrhexis and karyoly- 

sis also occur, but are comparatively rare. 

In cases or areas where the atrophic changes are not so far 

advanced, it appears that the pyenosis first becomes evident in 

the nuclei of the eosinophiles. This might be expected since, as 

above stated, hyperchromatism and even occasional pyecnosis 

occur in the strongly chromophilic cells of the normal gland. In 

some cases during inanition it appears also that the acidophilic 

reaction of the karyolymph may persist longer in the nucleus 

than in the cytoplasm of the eosinophiles. This may be due to 

physical rather than chemical conditions, however. 

d. Changes during refeeding after maintenance 

Associated with the mitoses already noted in the hypophysis 

upon refeeding after maintenance, changes take place in the 

cells leading to a restoration of the normal structure, at least in 

the greater part of the gland. 

After one-half week of refeeding, although the gland has in- 

creased appreciably in weight, and mitosis has begun in the pars 

anterior, the cell structure typical for inanition still persists to a 

very large degree. The only changes noted are a lessening of the 

hyperemia in the pars anterior, and some increase in the amount 
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of cytoplasm, with perhaps a slight decrease in the hyperchro- 

matism of the nuclei in a few places. In general, however, it 

would be difficult to distinguish this stage from that at the end 

of the maintenance period. 

After one week of refeeding, however, some areas (especially 

in the partes intermedia and nervosa) have become nearly normal 

in histological structure. In the pars anterior, these areas are 

more frequently found in the central region, and their extent 

varies considerably in different individuals. In general, how- 

ever, the structure characteristic of inanition still prevails over 

the greater part of the gland. 

After two weeks of refeeding, the normal structure becomes 

progressively more evident, and usually prevails over the greater 

part of the gland. The cytoplasm and nuclei become nearly 

normal in size and structure. Both pars intermedia and pars 

anterior still retain atrophic areas, however, especially in the 

periphery of the latter. 

Even after four weeks or more of refeeding, although the gland 

in general has usually become nearly normal in structure, some 

more or less atrophic areas may still persist. These are much 

more frequent and extensive than the similar areas previously 

mentioned as occasionally found in the normal gland, which 

usually involve only single cells or small groups. 

The recovery of the cells upon refeeding apparently depends 

upon the extent of degeneration (especially of the nucleus) 

involved during the inanition period. It is probable that nuclei 

in the extreme stages of pycnosis are beyond the possibility of 

repair, although they may persist in this condition for a long 

time before disintegration and removal. 

DISCUSSION AND CONCLUSIONS 

The effects of inanition upon the hypophysis were studied by 

Guerrini (04). He found in the hypophysis (anterior lobe) of 

4 dogs, 4 rabbits and 4 pigeons, during the first third of the acute 

inanition period, a slight increase of secretory activity in the 

cells, as indicated by a more intense reaction to Galeotti’s stain. 

In the remaining period of acute inanition, however, he found 
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a progressive decrease in staiming capacity (granules and plasmo- 

somes) with vacuolization of the cytoplasm. The final appear- 

ances are deseribed as follows: 

Negli animali morti di fame, uso l’espressione nel senso il pit lato, 
le cellule sono tutte, o presso che tutte, ridotte come in vesicole, quali 
pitt e quali meno gonfie, con nucleo, anch’esso, un po’ vuoto e rigonfio 
e il protoplasma ridotto ad un velo, interrotto qua e li di qualche 
vacuolo e con appena una traccia di granuli o di plasmosomi. 

In several dogs and rabbits (both young and adult) subjected 

to chronic inanition, however, Guerrini found no apparent change 

in the secretion (specific staining reactions) of the hypophysis 

cells. Unfortunately no details are given as to the exact charac- 

ter and extent of the chronic inanition. Possibly his negative 

results may be due to the comparative mildness of the inanition. 

His findings in the later stages of acute Inanition are in general 

agreement with mine, excepting that he describes the nuclei as 

vesicular rather than pycnotic in structure. 

It is a noteworthy fact that most of the changes above ‘de- 

scribed in the cells of the hypophysis—arrested mitosis (resumed 

on refeeding), shrinkage in cell volume, nuclear pycnosis and loss 

of specific cytoplasmic staining reactions—are strikingly similar 

to those found in the hypophysis of the hibernating marmot 

(woodchuck) by Gemelli (06) and by Cushing and Goetsch 

(15). Mann (16), however, points out that if such changes 

are the cause of hibernation, they should appear well-marked at 

the beginning of hibernation, since later they might be merely 

a result of the long continued torpid state. He finds these 

changes inconstant in the hibernating gopher (Spermophilus). 

In view of the striking similarity of the cell changes in the two 

conditions (hibernation and inanition), it seems highly probable 

that the changes described in the hypophysis during hibernation 

are simply the effects of the chronic inanition involved. 

Since the rapid growth of the body in young rats upon refeed- 

ing after a period of maintenance precedes the reéstablishment of 

the specific cell-granules (acidophile or basophile) in the hy- 

pophysis, it is evident that their function can not be the cause 

of the body growth. It is, however, at least theoretically, possi- 
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ble that the absence of cell-granules might indicate a hyper- 

functional condition, in which the granules are absorbed too 

rapidly to allow them to form the normal accumulation in the 

cytoplasm. Moreover it should be remembered that the granules 

are rarely absent altogether. In most cases they are found even 

in extreme inanition, though in scattered areas and more or 

less reduced in amount. It is likewise evident that the ‘colloid’ 

ean scarcely be considered as the functional cause of growth, for, 

although it persists apparently unaffected by inanition, it is 

normally absent in the very young animals, in which the growth 

rate is more rapid. It may indeed be recalled that the most 

rapid growth of the body in all cases occurs in the early embry- 

onic period, preceding any differentiation whatever in the 

hypophysis. 

So far as the hypophysis is concerned, therefore, no evidence 

appears in favor of the suggestion by Osborne and Mendel (’16) 

that the accelerated growth following periods of suppression 

may be due to specific histological changes in the ductless glands. 

Likewise no such changes were found in the thyroid and para- 

thyroid glands (Jackson ’16). There is. however, some evidence 

in favor of the view that the rapid growth upon refeeding is 

due to the embryonic type of structure produced by the imani- 

tion in the cells of the body in general (Stewart 716). The 

nuclei become relatively larger and richer in chromatin, the cyto- 

plasm small in amount and undifferentiated in structure. <Ac- 

cording to the theory of Minot (’07), these are the character- 

istics upon which the more rapid growth of embryonic cells 

depend. 

While the cell changes produced by inanition may in general 

facilitate rapid growth upon refeeding, when pushed to the 

extreme (as above shown) the cells degenerate to such an extent 

that recovery appears impossible. This is in agreement with 

the generally accepted doctrine that severe inanition in young 

animals may produce permanent stunting of body growth; 

although Osborne and Mendel (’16) obtained no permanent 

stunting by long periods of growth suppression in the albino rat. 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, NO. 2 
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SUMMARY 

1. During normal postnatal growth there is considerable indi- 

vidual variation in the relative volumes of the three parts (lobes) 

of the hypophysis; but in general in the older rats the pars ante- 

rior (distalis) becomes relatively larger, and the pars nervosa 

correspondingly smaller, the pars intermedia remaining about 

the same in relative (percentage) volume. 

2. The relatively larger hypophysis of the female rats is due 

chiefly Gf not entirely) to a larger anterior lobe. 

3. During inanition, the volume-changes in the lobes are vari- 

able. In young rats held at maintenance (constant body weight), 

the pars anterior is somewhat reduced, the intermedia and 

nervosa correspondingly larger. In chronic (adult) inanition the 

partes anterior and intermedia appear reduced, the nervosa 

increased. In acute (adult) inanition, the pars anterior appears 

relatively increased, intermedia decreased, and nervosa un- 

changed in relative volume. 

4. In young rats refed one-half week, one week, two weeks 

and four weeks after maintenance, there is some variability, 

but in general a gradual return to the normal proportions in 

the lobes of the hypophysis. After a prolonged period of mainte- 

nance, however, the relative volume of the lobes may remain 

permanently abnormal. 

5. In the pars anterior of the normal newborn rat, the vessels 

and associated stroma form 6.7 per cent by volume, increasing 

to 9.6 per cent at three weeks, and to 10.6 per cent at ten weeks 

(adult condition). In young animals held at maintenance, the 

volume of the vascular stroma usually increases to about 13 per 

cent, and in acute or chronic inanition of adults to about 17 per 

cent. The parenchyma is, of course, correspondingly reduced 

in relative volume. 

6. In the parenchyma of the pars anterior the nuclei form 

about 34 per cent of the total cell volume in the newborn, de- 

creasing to about 24 per cent at three weeks and to 20 per cent 

at ten weeks (adult relation). The cytoplasm increases corre- 

spondingly in relative volume. During inanition, the loss is 

usually greater in the cytoplasm, the nuclei thereby increasing 
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to 26-28 per cent of the cell volume in the young held at mainte- 

nance, and to 23-26 per cent in adults with chronic or acute 

inanition. 

7. According to data obtained by the volumetric method, the 

(calculated) average diameter of the parenchyma cells of the 

anterior lobe increases from 10.1 » in the normal newborn to 

11.9 » at three weeks and 13.6 u at ten weeks (adult condition). 

In young rats held at maintenance, the average cell diameter is 

reduced to 9.7—10.2 uw; in starved adults to 10.8-11.0 u. The 

nuclear diameter averages 5.9 u in the normal newborn, 5.8 u 

at three weeks, and 6.0 u at ten weeks. In the young rats at 

maintenance the nuclear diameter is reduced to 4.9-5.8 uw; in 

starved adults to 5.3-5.5 u. Direct measurements by another 

method (with filar micrometer) gave similar results for the 

nuclear diameters, including also those of the pars intermedia.. 

8. The number of mitoses in an entire section of the gland is 

quite variable. Amitosis was never observed. In the normal 

newborn pars nervosa, the average number of mitoses is 7 per 

section; at seven days they are rare, and none occur later. In 

the pars intermedia, the average number decreases from 9 per 

section in the newborn to about 1 at three weeks; at ten weeks 

and later they are rare. In the normal pars anterior the rate 

likewise decreases, being about 62 at birth, 18 at one week, 

7 at three weeks, 2 at ten weeks, and rare in adults. 

9. In young rats held at maintenance from three to ten weeks 

of age, mitosis has nearly ceased. No mitoses were found in the 
partes nervosa and intermedia, although in the pars anterior 

they still occur occasionally, even in rats nearly dead from 

inanition. No mitoses were observed in the starved adults. 

10. In the young rats refed after the maintenance period, 

mitoses reappear promptly in the pars anterior, the average 

number per section being about 2 after one-half week of refeed- 

ing, 7 after one week to two weeks, decreasing to an average of 

3 after four weeks of refeeding. Mitoses were observed but 

rarely in the pars intermedia, and never in the pars nervosa. 

The rate of mitosis in the hypophysis of the refed rats therefore 
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corresponds roughly to that in younger normal rats of similar 

body weight. 
11. In cell structure, the only change noted in the pars nervosa 

during inanition is a variable degree of hyperchromatism in the 

nuclei, which rarely may become shrunken and pyenotic. In 

the pars intermedia, most of the cells usually suffer relatively 

little change during inanition. The nuclei have a variable tend- 

ency to hyperchromatism, occasionally becoming pyenotie, 

especially in certain atrophic areas. The cytoplasm tends to 

lose its granular structure, becoming more homogeneous and 

often finely vacuolated in appearance. Around pyenotic nuclei 

it is usually more strongly basophilic, and is much reduced in 

volume in the atrophic areas above mentioned. 

12. The colloid which occurs normally in the: pars nervosa 

and in the hypophyseal cavity (residual lumen) appears un- 

affected by manition. 

13. In the pars anterior, the changes during inanition are 

quite variable. Some areas may remain nearly normal, while 

others, even in the same gland, show extreme changes of atrophy 

and degeneration. The cytoplasm is usually reduced in volume 

(as above shown) and is frequently much vacuolated. The 

structure becomes sparsely granular and there is a marked 

tendency to loss of the specific staining reactions, so that the 

strongly chromophilic cells become weakly chromophilic or even 

chromophobic. The nuclear changes are likewise variable, but 

there is a very general tendency to hyperchromatism, often 

reaching a definite pyenosis. Karyorrhexis and karyolysis are 

rare. 

14. Upon refeeding one-half week after the maintenance period 

(three to twelve weeks of age), the hypophysis still retains the 

typical inanition structure, although mitosis and growth have 

begun. After one week of refeeding, some areas have become 

nearly normal, and after two weeks the normal structure pre- 

ponderates. After four weeks, the greater part of the hypophy- 
sis appears nearly normal, although atrophic areas may persist 

for indefinite periods. Recovery is improbable in cells whose 

nuclei have reached advanced pyenosis. 
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15. The changes described in the hypophysis during hiberna- 

tion are probably inanition effects. The rapid growth of the 

body following periods of inanition may be due to the embryonic 

condition to which the cells are reduced; but there is no evidence 

that such growth is due to any specific histological changes in 

the hypophysis or other ductless glands. 
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STUDIES ON HEMAL NODES 

VI. HEMAL NODES IN BOVINES AND GOATS 

ARTHUR WILLIAM MEYER 

From the Division of Anatomy of the Stanford Medical School 

ONE FIGURE 

Since the statements in the literature regarding the hemal 

nodes of bovines and of goats with one exception, are extremely 

brief a short historical review seems not only justifiable but 

advisable. Besides giving due recognition to the observations, 

conclusions and opinion of others it will also afford a better 

basis for independent judgment. 

The first definite statement regarding hemal nodes in bovines 

was made by Robertson, 90 who declared that the hemolymph 

nodes of the bullock are larger than those of the sheep and that 

they vary in size from a mustard seed to a pea. Robertson 

also found the trabecula larger and broken up in some instances, 

by small blood sinuses. The centers of the follicles were also 

found to contain more ‘pale’ cells but Robertson concluded 

that the hemolymph gland of the bullock is formed on the same 

plan as that of the sheep and differs from it in no essential detail. 

Vincent and Harrison, ’97, found “large numbers of blood- 

red bodies distributed irregularly on either side of the vertebral 

columns” and also for some distance in the pelvis. But they 

found only a few nodes in the thorax near the roots of the lungs 

and in the connective tissue of the mediastina. These investi- 

gators found the capsule of hemolymph nodes varying widely 

in thickness, containing leucocytes and occasionally excavated 

by sinuses. The latter were lined by endothelium which “was 

reflected over the trabeculae in the sinus.’’ They also called 

attention to the fact that some of the hemolymph nodes which 

lie near the kidney and renal vessels look more like lymph glands 

and concluded that hemolymph glands are modified lymph 

glands and develop from them. 
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Drummond, ’00 found hemolymph nodes from 0.5 to 0.75 

mm. in size on the posterior abdominal wall of a foetal calf 9 

inches long. On section these were found to be well-formed 

hemolymph nodes which contained erythrocytes in the capil- 

laries and also in irregular spaves found mainly near the hilus 

and in the center of the gland. In order to judge better what 

Drummond was actually describing it is well to recall that he 

found the lymphatic tissue of hemolymph nodes usually divided 

into a cortex and medulla and the generally abundant germ cen- 

ters arranged in two rows. 

Lewis, 03, who merely referred to Bos taurus, reported that 

he found endothelial cells containing pigment in the hemal 

nodes of the ox and declared that hemal and hemal lymphatic 

glands ‘are distributed with considerable constancy in three 

main groups: renal, splenic and subvertebral.”’ 

White, ’04 found that ‘‘very little difficulty is experienced 

in identifying from gross appearance hemolymph nodes in the 

ox, sheep, pig, ete.,”’ but no description of the nodes is given in 

the report and from the above statement one is compelled to 

conclude that White probably misapprehended the real situation. 

Crescenzi, a government inspector at a public abattoir, in 

706 was the first to report the presence of hemal nodes under 

the skin in Bos taurus but, strangely enough, did not attach 

any special importance to this fact or describe these nodes in 

particular. Moreover, Crescenzi emphasized the fact that hemal 

nodes are always found near lymph nodes and mentioned the 

pelvis and the peribronchial and perirenal regions as sites of 

predilection. Not rarely he also found them under the skin 

and pleura and between the muscles of the extremities. In the 

former locations their form which generally tended to the spheri- 

cal, was somewhat flattened on account of lateral pressure. 

Crescenzi found hemal nodes somewhat more numerous in 

cattle from Sardinia and particularly abundant in calves, lambs 

and kids. He failed to find them in young foetuses but counted 

ten nodes in each of four foetuses from seven to eight months 

old. These nodes varied in size from the head of a pin to a 

“orain of pepper’ and many of them were in contact with lymph 
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nodes from which it was difficult to separate them. Their 

general histological appearance was intermediate between that 
of hemal and lymph nodes, after birth. 

Crescenzi also found hemal nodes imbedded in the fat of the 

hilus and also on the surface of lymph nodes. An iliac node 

of the size of an almond was said to contain nine independent 

hemal nodes varying in size from a ‘‘grain of pepper to a hazel- 

nut,” in a deep dilatation of its hilus! Another iliac node had 

three hemal nodes varying in size from the ‘“‘head of a pin to 

a pea,” partly imbedded on its free surface. 

Carcasses containing an unusual number of hemal nodes 

were also found. One of these carcasses contained a large 

intra-abdominal abscess as large as a child’s head, in a second 

a splenic tumor was present, while in a third the spleen was 

atrophic and sclerotic. Crescenzi also emphasized the fact that 

lymph nodes may contain so much blood especially in their darker 

portions—as was the case in the ox with a large abdominal 

abscess “‘(slaughtered for the royal marine)” that they are in- 

distinguishable from hemal nodes and concludes with the words 

“FE se tale simette in rapporto colla quantitat veramente eccezio- 

nale di gangli ematici riscontrati se ne puo dedure una relazione 

funsionale.”’ 

In July ’07 Piltz also reported the occurrence of lymph nodes 

of reddish color in the subcutaneous tissues and in part also 

beneath the panniculus carnosus in cattle. According to Piltz 

a portion of these nodes was described by Martin as those 

of the ‘Hungergrube.’! Piltz also reported the finding of sub- 

scapular and aural hemolymph nodes near the corresponding 

lymph nodes. He also found from eight to ten nodes in the 

subcutaneous tissues located caudal to the ligamentum axil- 

laris near the vena thoracalis lateralis, on the dorsal border of 

the subseapularis and under the panniculus carnosus over the 

‘Hungergrube’ and on the tubera ischii, on the costal arch and on 

1 Although it is very evident what is meant by this designation and why it 

is used I have been unable both upon inquiry and by consultation of texts on 

veterinary anatomy to find an equivalent term in English for this very prominent 

fossa. Hence | suggest the term pre-iliac. 
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the neck. Piltz found the hemolymph nodes of emaciated cat- 

tle somewhat larger but normally seldom larger than a pea al- 

though some nodes found near the deep cervical nodes were 

said to equal the size of a hazelnut. Small nodes were also 

found distributed irregularly in the pelvis and also a few in the 

thorax along the course of the aorta as far cranially as the bifur- 

cation of the trachea, but occurred more frequently on the left 
side of the pericardial mediastinum. Although Piltz found the 

thoracic nodes near the tracheal lymph nodes most constant and 

also found nine small nodes near the larger popliteal lymph 

nodes, he did not think that hemolymph nodes are limited in 

their location to that of lymph nodes. Piltz found hemolymph 

nodes to vary much in their content of blood and concluded 

that they assume the function of the spleen after splenectomy. 

One month later Baum, ’07 reported the results of an exam- 

ination of nine bovines and two sheep. Baum found hemo- 

lymph nodes on the visceral surface of the liver—a unique in- 

stance, I believe, on the cranial portion of the trapezius and not 

seldom beneath the skin or the panniculus carnosus in the region 

of the costal margin, or near the ‘Hungergrub.’ But Baum 

emphasized particularly that hemal nodes are found chiefly 

near large lymph nodes, that he could not distinguish a medulla 
or a cortex and that all manner of transition forms occur. 

In 1908 Forgeot stated that the lymph nodes of cattle are 

usually in connection with large afferent vessels which are 

filled with pink or even with red lymph which contain erythro- 

cytes but that other glands entirely independent of the lym- 

phatics are not rarely found in the abdominal and thoracic 

cavities of bovines and goats. Forgeot also stated that hemal 

nodes are only in connection with lymphatics during early life 

when they have a hematopoetic function and claimed that 

closed, blindly-ending lymphaties filled with blood can be dem- 

onstrated to communicate with the sinuses of the nodes. 

Although Forgeot definitely stated, in 1908, that nodes wholly 

independent of lymphatics are found in the abdomen and thorax 

of cattle, Forgeot asserted, a year later, that injections are wholly 

unnecessary to demonstrate the existence of afferent and efferent 
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lymphatics in the hemolymph glands found in the neighborhood 

of the aorta and inferior vera cava in goats and cattle. For- 

geot also found nodes in the lumbar region in the sheep and 

goats and beneath the pericardial pleura in cattle, from which 

blindly-ending lymphatics extended. These lymphatics were 

represented and described as shorter or larger, markedly dis- 

tended tubes which lay in the surrounding connective tissue 

and returned to the node. A network of lymph vessels filled 

with ‘red lymph’ was also seen around some hemolymph nodes. 

Forgeot concluded that hemolymph nodes develop indepead- 

ently of the pre-existing lymphatics and that lymph vessels 

join them only secondarily. 

In 1908, I independently reported finding subcutaneous 

hemal nodes in bovines giving their location, number and size, 

etc., and stated that I was unable to demonstrate the presence 

of lymph vessels by means of injections of India ink made di- 

rectly into the nodes on carcasses of full grown cattle. I then 

traced these nodes in foetuses down to a V. B. length of 22 em. 

In younger foetuses, I was unable to identify them. That re- 

port also contains a comment on their structure and on some 

other matters. 

The only full statement regarding hemal nodes is found in 

the thesis of Piltz, ’10. Although Piltz does not indicate the 

scope of his examination he says that he used India ink and 

blood serum to inject the mesenteric glands and vessels of ill- 

fed bovines. (The italics are the writers). Among other 

matters to be referred to in connection with my own results, 

Piltz stated that his results are essentially like those of Weiden- 

reich on sheep. Piltz also stated that although he had no con- 

vineing proof for the assumption, yet he considered hemal nodes 

only a stage in the development of lymph nodes and declared 

that he found sufficient indication for the constant neo-forma- 

tion of hemal nodes and of a constant readjustment within the 

nodes themselves. However, Piltz presents no evidence what- 

ever for these opinions, except to suggest that certain nodes 

which are almost wholly depleted of lymphatic tissue are in a 

developmental stage and to point to the existence of mixed 



364 ARTHUR WILLIAM MEYER 

forms of nodes. Since Piltz found these mixed forms; that is 

nodes a portion of which contained mainly blood and the rest 
only lymphatic tissue; in animals several years old he assumed 

a continued new formation. According to Piltz’s conception 

lymph vessels grow into the node after the sinuses (sic) have 

been replaced by lymph cells and the node has been converted 

into a lymph node. Piltz also regarded the blood sinuses as 

dilated capillaries originally, i.e., during early development—but 

nevertheless thought it unlikely that hemal nodes were ever in 

connection with the vascular system! 

Tixier and Duval, ’10 also described, in vaccinated calves, 

certain glands which had the general structure of lymph glands 

but which possessed no lymphatics. They found four, eight 

or ten or even more, dark reddish nodes imbedded in the thy- 

mus or in contact with its cervical or cardiac portions or within 

the mediastinum. It is significant, however, that thesé nodes 

reminded them of similar nodes found previously near the thy- 

mus in infants, and that those from the vaccinated calves con- 

tained sinuses exactly like those in lymph nodes but. larger. 

These sinuses the authors considered as the beginning of veins 

and surmised that the arteries open directly into the lymphoid 

tissue. 

Schellhase, ’11 reported that hemolymph nodes are commonly 

present in bovines, sheep and goats in the tropics and reported 

two cases in zebus in which innumerable nodes were found in 

the interstitial ttssue of the lungs. In one case these nodes 

varied in size from the ‘‘head of a pin to a lentil’? while in the 

other, they were as large as a bean. Their structure was said 

to be typical—whatever that may mean—of hemolymph nodes 

in all cases. 
The occurrence, location and structure of hemal nodes of the 

domestic sheep, of guinea pigs, rabbits, cats, dogs, goats, et cet- 

era, together with the occurrence and alleged experimental pro- 

duction of supernumerary spleens were discussed in the previous 

papers of this series (Meyer, ’13 and ’14). Hence the present 

discussion will be limited to two species except in so far as 
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evidence obtained in the others helps to elucidate some of the 
special features. 

The material upon which this article is based was far less 

extensive than in case of the cat, dog, and especially the sheep. 

Nevertheless, hundreds of carcasses of beeves were inspected 

but injections were made only on the subcutaneous and abdom- 

inal hemal nodes and the microscopical examination was con- 

fined mainly to foetal and adult specimens of subcutaneous 

nodes. The latter are particularly accessible and can be ex- 

amined ad libitum in abattoirs without damage to or soiling of 

the carcasses, while the lumbar or even the abdominal nodes as 

a whole, are generally accessible only with difficulty because 

they are so deeply imbedded in fat. The purchase of living 

animals did not seem advisable or justifiable. 

Since the nodes in goats are as easily accessible as those in 

sheep no especial difficulty is encountered in them except for 

the comparative paucity of the nodes and the fewness of the 

carcasses of goats in abattoirs. Hence only six carcasses and 

two animals—all adults—were used. Two of the six carcasses 

were from Angora goats. 

The most striking contrast between the hemal nodes of bo- 

vines and the sheep lies in the larger size and comparative few- 

ness of the lumbar, and the greater number of the mesenteric 

and thoracic hemal nodes, and especially in the presence of large 
subcutaneous hemal nodes, in bovines. Moreover, apparently 

mixed forms, that is nodes partly dark red and gray and of 

unusual size, also seem far more numerous in Bos taurus. I 

take it that Lewis ’04-a saw these when he said that “Many 

of the largest glands (9-10 em. long) have not this structure, 

but are of the nature of certain glands recently described by 

Weidenreich. (Verhandlungen der anatomischen Gesellschaft 

vom 22, April, 1902). The particular structure here referred 

to by Lewis is one in which there is a mixture of blood and lymph 

in the sinuses. These nodes which Lewis did not find larger 
than 2 by 1 em. in ungulates, he regards as typical hemal lym- 

phatie glands. The form described by Weidenreich, on the 

other hand, according to Lewis, are nodes which contain dis- 
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tinct and separate blood and lymph sinuses. Since Lewis de- 

clared that ‘‘The lymph sinuses occupy one side of the organ, 

the blood sinuses the other; they are not indiscriminately mixed 

together; it does not seem at all unlikely to me that the type 

referred to by Lewis, which look pink upon inspection, are large 

reddish lymph nodes which can not be identified positively except 

by injections which Lewis frankly says he did not make. Hence, 

these nodes were likely taken for hemolymph (hemal) nodes. 

They are found in the position of lymph nodes and can not in- 
frequently be seen in direct connection with the large abdominal 

lymphatics. Some of them are deeply red at one end, but have 

the color of an ordinary lymph node at the other. Moreover, 

Lewis stated that there often is a fair delimitation of the lym- 

phatic and hemal areas as judged by an inspection of the cut 
surface of such nodes. They also have the form character- 

istic of lymph nodes and are, as a rule, many times as large as 

the true hemal nodes of sheep and goats. 

The subcutaneous nodes of adult bovines are generally larger 

and quite untfike lymph nodes in form, though some of them 

simulate them quite closely in color. Practically all are circu- 

Jar in outline with slightly convex or flattened sides, and with 

uneven external surfaces. Unless found beneath the pannicu- 

lus carnosus, they stand out very prominently on the dressed 

beef because of their size and color, in spite of the fact that they 

are usually quite completely imbedded in fat. In the region 

of the flank, they may lie very close to the regional lymph nodes. 

There may be only a single subcutaneous node on a half car- 

cass, or there may be a dozen varying from 0.5 to 1.5 cm. in 
size. Scores of nodes on each half carcass were never seen, 

fifteen were seen but once. Twelve of these were small and lay 

in the scapular region. They varied in color from bluish black 

to a bright red or pale gray and were unusually firm. The con- 

tained blood could never be expressed from them by pressure, 

and as stated previously (Meyer, ’08), injections of India ink 
into a large series of them failed to reveal any connection with 

the lymphatics. The injection mass invariably entered the 

intercostal veins and then the azygos veins. These subcuta- 
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neous nodes were never seen restricted to the location of the 

peripheral lymph nodes, as stated by Crescenzi, Baum and Piltz, 

but were found scattered or grouped more or less in certain re- 

gions such as that of the shoulders, neck and hips. 

In the abdominal cavity, the absence of such large numbers of 

hemal nodes as seen in the lumbar region of sheep, was particularly 

worthy of note and although many hundreds of beeves were 

inspected in the abattoirs during the last half decade, I never 

saw a carcass that contained as many hemal nodes as were 

usually seen in dozens of carcasses of sheep during the course 

of a few hours slaughtering. The most Crescenzi mentioned in 

individual bovines is nineteen. 

The presence of exceedingly coarse trabeculae and a very 

thick, often fenestrated capsule in bovine subcutaneous nodes, 

are as striking as is the fine architecture of the abdominal nodes 

of the goat. Large streamers and whorls of connective tissue 

are also commonly present in the former and not infrequently, 

as the needle penetrates the node in the course of injections, 

the accompanying sound is entirely comparable to that heard 
when piercing cartilage. This is true even of small nodes, es- 

pecially if they are pale or gray. 

Not infrequently the capsule is composed of a relatively thin 

dense outer portion and a very broad inner meshwork of coarse 

trabeculae, as shown in figure 1. The large meshes of this inner 

framework contain erythrocytes and lymphocytes, and the 

trabeculae, which compose it gradually merge with the frame- 

work of the interior of the node. The capsules of some nodes 

also contain comparatively large veins, and cccasionally some fat 

cells. However, Vincent and Harrison, ’97 stated that ‘In no 

instance did we find any fat cells inside the capsule.” Since 

evidences in my possession seem to indicate that the presence of 

fat cells, which is exceedingly common in lymph nodes of the 

pig and guinea pig, is determined largely by the fatness of the 

animals this discrepancy in results is easily accounted for. 

Many portions of these extremely large firm nodes are al- 

most exclusively vascular in structure and others exclusively 

lymphatic except, of course, that lymphatic vessels or sinuses 
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were never seen. In fact, the lymphocytes not infrequently 

are so closely packed in the lymphatic areas that scarcely any 

vessel could be seen in them. Many of the portions also con- 

tained follicles which were densely crowded together directly 

beneath the capsule or along some of the large trabeculae. The 

absence of fat in hemal nodes is striking. 

All of the foetal subeutaneous nodes examined microscopi- 

cally in 1908 contained no lymph vessels Whatever but some 

of them contained a more or less continuous empty subcap- 

sular space or smus. It is obvious that the nature of this space 

could have been open to a double interpretation Were it not for 

the fact that all of the subcutaneous hemal nodes of adult 

bovines had been found to be in connection with the veins 

only. To be sure, this fact does not necessarily exclude the 

questionable possibility assumed by v. Schumacher 712, that 

lymphatic vessels may grow into nodes and then disappear 

only to re-enter the nodes later. 

Some of them contain practically no extra-vascular erythro- 

cytes. Many foetal nodes look red to the naked eye, however, 

because the blood vessels are relatively large. But the most 

striking thing about these minute foetal nodes, is the presence 
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of large numbers of giant cells, some of which were of consider- 

able size. From two to six of these cells could be seen in almost 

any section, and several were not infrequently grouped in a 

small area. These poly- and megakaryocytes were especially 

numerous in the nodes of foetuses near term. They were 

always somewhat irregular in outline, occasionally very much 

so, seldom contained inclusions and as in the case of the nodes 

of the sheep always lay in the lymphatic tissue. Eosinophiles 

were not seen in the bovine nodes examined and pigment was 

seen only in nodes which were practically sacs of blood. 

The erythrocytes were scattered about indiscriminately among 

the lymphocytes in most of these young nodes and in several 

cases a vessel was seen opening directly into the subcapsular 

space thus confirming similar appearances rarely seen in hemal 

nodes from foetal sheep as reported some years since (Meyer, 

708). I am at a loss for an interpretation of this observation 

except to suggest that it may be, in part, a survival of an early 

stage of development although veins from the surrounding 

tissue may enter the subcapsular sinuses of mature nodes. It 

may be recalled that a similar relationship was found to exist 

in the case of a very small supernumerary spleen from the great 

omentum of an adult. This spleen did not even fill the field of 

an oil immersion lense (see fig. 10, Meyer, Anat. Rec. 1914). 

As in ease of the foetal nodes of the sheep so in subcutaneous 

nodes, there often were no definite blood spaces, while in others, 

portions of the developing node seemed to contain a plexus of 

engorged vessels with but very few erythrocytes scattered among 

the lymph cells. The latter type of node contained almost no 

giant cells, but the former many. From these and from similar 

observations made some time previously on nodes of the sheep, 

it seemed probable that the stage when the vessels came into 

relation to the developing node could apparently vary somewhat 

both as to time and character. This supposition is also con- 

firmed by facts observed in connection with developing sub- 

cutaneous hemal nodes in bovines as reported in the accompany- 

ing paper. 
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In the goat the location and appearance of hemal nodes were 

entirely comparable to those in the sheep as Warthin, ’02 b then 

stated, except that from the six carcasses and two adult animals 

examined I am compelled to conclude that they are far less 

numerous. Subcutaneous hemal nodes were not found. In 

one goat, a healthy and well-fed animal, for example, which was 

examined several hours after accidental death, only two flat- 

tened hemal nodes approximately 3.5 mm., in size were found 

directly beneath the peritoneum near the aorta in the left 

supra-renal region. These specimens were proven to be hemal 

nodes by injections and although the rest of the carcass was 

examined carefully, no other nodes were found. 

In a second animal, which I owe to the courtesy of my for- 

mer colleague, Professor Zinsser, no larger number of hemal 

nodes was found, although this animal had received repeated 

injections of living typhoid bacilli for a period of nine months. 

With the exceptions of a few intermissions, this animal had been 

given intravenous injections of one-third to seven slants of ty- 

phoid cultures in increasing doses, every five days at first, and 

later every ten days. The total number of doses given was 

twenty-six and Professor Zinsser stated that precipitin against 

typhoid was present, that the blood showed a very high agglu- 

tinating power (1-2000), gave a bacteriolytic titre of 14000 in 

vitro test, and also showed a shght inhibition (1—10,000). Yet 

only a few hemal nodes were present in this animal. In fact, 

they were fewer in both these goats than in the six carcasses 

of adult animals examined in abattoirs. Nor did the lymph 

nodes of this goat show any change whatever as judged by 

naked eye appearances. These facts are particularly signifi- 

cant in view of the opinion of Meek, ’10 regarding the 

effect of toxins in the production of hemal nodes which was dis- 

cussed elsewhere (Meyer, ’14) in connection with the results of 

experiments on guinea pigs. 

In the carcasses of the six other goats, a total of only about 

six to twelve nodes was present in the abdominal and thoracic 

cavities. Subcutaneous hemal nodes were never seen. All 

nodes were very small—1 to 3 mm.—and no so-called mixed 
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forms were present in any animal. ‘Trabeculae were prac- 

tically absent in all small nodes and the whole architecture 

was an exceedingly delicate one. Only a few follicles and small 

quantities of intracellular pigment were present. Not a single 

giant cell was found and erythrophages were seen in large num- 

bers in one specimen only. They were so large that they gave 

the section a striking appearance on low power magnification 

and many of them were so crowded with erythrocytes that they 

looked like a sac of blood. Drummond, ’00 said the same thing 

about certain hyaline cells derived from lymphocytes which he 

said became amoeboid and phagocytic. These large hyaline cells 

Drummond found absent in foetal dogs, sheep and rats, and 

he thought that the formation of hyaline cells may suddenly 

begin and the destruction of erythrocytes then take place be- 

cause he found thousands of phagocytes in sections containing 

unchanged erythrocytes. 
In some sections about fifty quite well-preserved erythro- 

cytes could be counted without change of focus in surface views 

of individual erythrophages in the nodes from these goats. 

Hence, each phagocyte must literally have contained hundreds 

of erythrocytes in greater or lesser states of degeneration. That 

these phagocytic cells were not polymorphonuclear leucocytes 

is beyond question. The nuclei were always vesicular with 

definite but few chromatic granules and but seldom were mark- 

edly irregular in outline. As in case of the few hemal nodes 

of the sheep, in which such a marked ingestion of erythrocytes 

was noticed, these phagocytic cells were apparently large leu- 

cocytes with a large vesicular nucleus, which are so common 

in hemal nodes although they may have been endothelial in 

origin. In most of these nodes dozens of eosinophiles were also 

scattered throughout the sections; however, the origin of the 

eosinophile granules through the ingestion and transformation 

of fragments of erythrocytes as claimed by Weidenreich does 

not seem highly probable to me. As a whole, then, the hemal 

nodes of goats were very small, the follicles were few, trabeculae 

were practically absent, the amount of connective tissue within 
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the node Was very small, the whole architecture very fine in- 

stead of coarse, as in bovines, and phagocytosis was marked. 

Injections into the few nodes of Capra hircus, which were 

large enough to permit injection, showed them to be in connec- 

tion with the veins. In two specimens which were only 1.5 to 2 

mm. large, the communication of the vein with a narrow but con- 

tinuous periphreal venous sinus—not the so-called subcapsular 

sinus, or blood space—which lies in the periphery of the lymph- 

oid tissue just internal to the subcapsular blood space, was 

splendidly shown in serial sections. A section of one of these 
nodes was shown in figure 8 (Meyer 714) of a former article in 

this series of studies. Hence although my basis for judgment is 

not a broad one, I regard the circulatory and also the structural 

conditions of the hemal nodes of the goat practically identical 
with those of the hemal nodes of the sheep. 
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STUDIES OF HEMAL NODES 

VII. THE DEVELOPMENT AND FUNCTION OF HEMAL NODES 

ARTHUR WILLIAM MEYER 

From the Division of Anatomy of the Stanford Medical School 

FIFTEEN FIGURES 

Some years since when hemal nodes were found in close prox- 

imity to the parathymus glands in the sheep, it was thought 

that these nodes would be particularly valuable for a study of 

development. Unfortunately, however, these nodes also are 

very inconstant in occurrence and here as elsewhere in the 

sheep, they are often closely associated with lymph nodes. 

Indeed, the greatest obstacle in the study of the development 

of hemal nodes is not the protean structure of the nodes of 

adult animals but the inconstancy in their occurrence and pesi- 

tion. This is true not only in the adult animal but in foetuses 

as well, for although a large number of sheep foetuses of vary- 

ing ages and also new born lambs weve carefully dissected, not 

a single hemal node was ever found to be constant in position. 

The same statement holds for Bos taurus. Besides, the fre- 

quent close association of lymph and hemal nodes makes dif- 

ferentiation of the early stages in development naturally very 

dificult. To partly obviate these difficulties it was decided 

to trace back as far as possible in the foetal development of the 

sheep, the occurrence of nodes which could with some certainty 

be recognized macroscopically as such in the fat of the lumbar 

sub-vertebral region. The tissues in this region were also ex- 

cised en masse in younger foetuses for purposes of microscopi- 

cal study in order to determine, if possible, by means of serial 

sections the earlier stages in the development of hemal nodes 

which because of their small size cannot be recognized with the 

unaided eye. For the latter purpose small foetuses were also 
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preserved in toto and then as much of the foetus as necessary 
removed after fixation and used for the same purpose. 

It was possible to recognize macroscopically with some cer- 

tainty, hemal nodes in the lumbar region of sheep foetuses 12 

em. (V. B.) long and microscopically somewhat earlier (Meyer 

08). But as already stated, positive identification of the gross 

or sectioned specimen was, to be sure, not always possible, 
even in older foetuses. In serial microscopic sections it was 

possible, however, to distinguish masses of lymphoid tissue 

distinctly hemal in character in foetuses 9.8 em. (V. B.). In 

all of these young foetuses there is considerable difficulty, how- 

ever, in distinguishing early developing lymphatic nodes from 

hemal nodes because differentiating areas of mesenchyme which 

might be regarded as early stages in the formation of lymph 

nodes are frequently seen to be contiguous with others which 

plainly suggest early hemal nodes. This difficulty is further 

complicated by the fact that the lymphatics of developing lymph 

nodes are often filled with blood or erythrocytes or at least 

contain some blood. <A further difficulty les in the fact that 

some developing hemal nodes of other species contained no 

blood whatever thus suggesting a possibility of the occurrence 

of a non-vascular type or form of anlage independent of the 

lymphatic system in its early stages as held by von Schumacher, 

"12, Forgeot, 09, and Piltz, 01. From these things it is evident 

that confusion may easily occur where both types of nodes are 

found in the same region. For evidently a non-vascular anlage of 

a hemal node might incorrectly be assumed to be that of a lymph 

node and a vascular anlage of a lymph node that of a hemal 

node. However, the latter error, i.e., the designation of a very 

vascular portion of such a differentiating area of mesenchyme 

as hemal, instead of lymphatic, is not so likely to occur, because 

the early even if not the earliest stages in the development of 

lymph nodes although frequently vascular, show less inter- 

mingling of blood and mesenchyme even when the lymph sin- 

uses are filled with blood and their development is generally 

considered to be preceded or at least accompanied by the for- 

mation of a plexus of lymph channels. The latter, however, 



DEVELOPMENT AND FUNCTION OF HEMAL NODES 307 

never takes place in the subcutaneous hemal nodes of bovines 

and hence probably also not in case of the hemal nodes of the 

sheep. It may here be recalled that Drummond, ’00, stated 

that “. . . . at a comparatively early stage in the de- 

velopment of the lymphatic structures in the embryo, the haemo- 

lymph glands are quite readily distinguishable from ordinary 

lymph glands even to the naked eye.’ von Schumacher, 712 a, 

however, declared that he could not distinguish the Anlage of 

the lymph from that of the hemolymph node. It has been 

the writer’s experience to repeatedly mistake and excise small 

aberrant adrenals, small hemorrhagic areas, very vascular or 

injected fat lobules, a small plexus of blood vessels—especially 

of veins—parathyroids, small deeply pigmented spots in tis- 

sues, etc., for hemal nodes even in the adult. Indeed, there is 

at present, no means for identifying these various structures 

except by microscopical examination and injection. Hence, it 

is evident that positive gross differentiation between early em- 

bryonic or developing hemal or lymphatic nodes even with the 

aid of a hand lens must be wholly unreliable at present of course. 

Moreover, fully-formed hemal nodes which are so small that 

they can be excised and transferred satisfactorily only under 

magnification are frequently found even in adult animals. In 

the case of these minute specimens positive identification by 

means of the unaided eye must, to be sure, be wholly out of 

the question for they are unfortunately entirely too small to 

permit of direct injections. 

Although Drummond’s ’00 article was accompanied by a draw- 

ing of a hemal node from a sheep foetus he said nothing about 

the development of these hemal nodes, but described those 

from a bovine foetus nine inches long. However, Warthin ’02 (a 

and b) stated that the ‘“New formation of hemolymph glands in 

adipose tissue was observed and the various stages of develop- 

ment traced. A change of hemolymph glands into ordinary 

lymph glands was also noted.” According to Warthin “the 

new formation of these structures repeats their embryonal de- 

velopment and the earliest stages of development of both forms 

may run parallel.”’ Moreover, Warthin added “The latter [the 
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marrow lymph glands] form I am convinced, represents only a 

transition form in development of hemolymph nodes from adipose 

tissue and is to be regarded as a younger more embryonal gland.”’ 

This opinion regarding the parallelism in early stages of develop- 

ment between lymph and hemal nodes was expressed previously 

by Drummond who, like Warthin, nevertheless asserted that 

hemal nodes were organs sul generis. 

Warthin whose conclusions were based chiefly on observa- 

tions made after splenectomy on sheep and goats, also stated 

that (1) the “transformation of hemolymph nodes into ordi- 

nary lymph nodes were all more marked” after splenectomy 

and that (2) ‘“Tizzoni’s description of their formation in [from?]! 

adipose tissue is confirmed in every detail by the findings in 

the above cases.” According to Warthin, 702 a, ‘‘Under cer- 

tain conditions the stages of development are of constant 

occurrence in the prevertebral fat. Throughout the adipose tis- 

sue of the prevertebral region there appear to be certain especially 

differentiated fat lobules having a more definite capsule ihan 

the surrounding lobules and a richer capillary supply, frequently 

stand out more sharply from the surrounding fat. Under cer- 

tain conditions [splenectomy] the capillaries of the fat lobules 

become dilated, the fat cells immediately about the capillaries 

lose their fat and form a reticular network in the meshes of 

which leucocytes assemble. Development of the capillaries 

into blood sinuses result in a hemolytic gland, obliteration of 

the capillaries through proliferation of the leucocytes and espe- 

cial development of the lymphatics results in a lymph gland.” 

Elsewhere Warthin ’02b, writes that “There is undoubtedly 

a new formation of hemolymph nodes out of adipose tissue. 

All stages of this development may be seen. The process begins 

with an angiectatic dilation of the capillaries of a fat lobule, the 

fat cells of which become enlarged and lighter in color. At the 

same time the lobule becomes fairly well set off from the sur- 

rounding tissue by a thickening of its capsule. The next stage 

is an infiltrat on of lymphocytes along the walls of the distended 

1 The interrogatory is the writer’s. 
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capillaries coincident with an absorption of some of the fat, the 

conversion of the fat cells into reticular cells, and proliferation 

of the endothelium into the dilated capilliaries, dividing them up 

into blood sinuses.’? Continued lymphoid formation, develop- 

ment of sinuses and absorption of fat is said to lead to the 

fully developed hemolymph nodes or of the ordinary lymphoid 

glands. Jf the blood sinuses persist the structure of a hemo- 

lymph node is presented; if, on the contrary, the formation of 

the lymphoid tissue is so great as to reduce the sinuses to capil- 

laries the node assumes the structure of a lymphatic gland. 
It is not my purpose to discuss the question of metaplasia 

or the conversion of such a mature, definitive structure as a 

fat cell into a lymphocyte or even a reticulum cell—yet it is 

only just to recall in this connection that the doctrine of the 

development of lymph glands from fat which is based largely 

on clinical evidences, on those obtained from pathological speci- 

mens, and on the older wholly insufficient experimental evidence 

obtained in one dog by Bayer ’85, is to say the least, still sub 

judice as far as pathological and abnormal conditions are con- 

cerned and is not proven at all for normal conditions. This 

statement is made with full knowledge of the thesis of de 

Groot and the short article of his preceptor Reddingius 

"12, for their work does not set aside even if it calls in question; 

the experimental work of Vecchi *11 which confirmed and 

extended the experiments of Heuter ’04 and Meyer ’06. More- 

over, the development of lymph nodes as recently re-investi- 

gated by Sabin 713, Lewis ’09 and others is a totally different 

one than that indicated by Warthin. Yet my contention is 

not, to be sure, that what is true for lymph nodes must necessarily 

hold for hemal nodes or that a course of development normally 

followed, necessarily must be repeated exactly under pathologi- 

cal conditions as well, but merely that a development of hemal 

or of lymph nodes from fat is not proven. 

Neither does Warthin’s mode of development of hemolymph 

nodes from fat receive any confirmation from the investigation 

of Sabin ’05. In this investigation which has stimulated so 

much fine work Sabin stated that the development of hemo- 
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lymph naeea in the region of the neck and of the thoracic aorta 

of the pig ‘‘parallels the stages in the development of the other 

(lymph) nodes, except that its sinuses from the beginning be- 

long to the bloodvessels rather than the lymph vessels. In 

lymphatic nodes the sinuses are made of modified veins, called 

lymphatics, while in the hemolymph nodes they are made of 

the veins themselves . . . . The hemolymph node found 

in the neck of the pig is from the beginning a distinct 

organ, different in type from the lymphatic node.” According 

to Sabin ‘“The hemolymph node does not occur in the neck of 

the pig until the embryo is about 238 em. long.” This conclu- 

sion of Sabin also agrees with my own observations on bovine 

fetuses. The superficial lymph nodes of these fetuses are well 

developed before the subcutaneous hemal nodes make their ap- 

pearance. I also found the superficial lymph nodes well formed 

before the subcutaneous fat appears. This fat usually occurs 

in fetuses about 21 ems. long. Engel ’09—’10 also emphasized 

the fact that it can be seen even macroscopically, that there is 

no developmental connection between the cervical fat and the 

cervical lymph nodes. Engel found the latter present in their 

characteristic locations before the fat appeared. 

In an article on ‘‘The lymphatics” Sabin ’07 further pictured 

a developing ‘haemal’ node from the neck of a foetal pig? 24.5 

em. long and stated that the haemolymph or haemal nodes of 

man are either red or brown in color according to their state 

of functional activity. They are brown when they contain 

pigment and red when they contain erythrocytes. 

In 1911-12 Sabin stated that ‘““Haemal glands have not been 

found in human embryos,”’ and that in the earliest stage in 

the pig “‘the gland consists of a single follicle around a plexus 

of blood capillaries and surrounded by a sinus of bloodvessels 

A group of lymph follicles makes a lymph gland; 

a group of blood follicles makes a hemal node.” 

2 The results obtained recently in numerous puncture injections on absolutely 

fresh carcasses of young and adult pigs leave me without any evidence for the 

presence of hemal nodes in the pig. Reddened lymph nodes are practically 

constant. 
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If I understand Sabin correctly the hemal and hemolymph 

nodes or glands are identical structures and begin their develop- 

ment in relation to a plexus of veins just as the lymph nodes 

do to a plexus of lymphatics, but the peripheral sinus of the 

former is formed from veins. However, the interpretation of 

Sabin’s statement to the effect that hemal or hemolymph nodes 

begin their development exactly as lymph nodes do except that 

the peripheral sinus of the former is formed by veins, would 

also seem justified. 

According to Retterer ’07 the ordinary lymph gland begins 

its development in a hemolymphatic state, both white and red 

cells being formed therein. Hence Retterer regards all lymph 

glands as having been ‘hemolymphatic glands’ originally, and 

asserts that those who think there are two classes of glands 

do not even suspect that wholly without experimental inter- 

ference, it 1s easy to convert one and the same gland into a 

‘leucolymphatic’ or ordinary white or gray gland, or a ‘hemo- 

lymphatic’ or red gland by simply varying the conditions of 

alimentation. It would seem that the effects of starvation on 

lymph nodes even if transient as is probably the case, are too 

well known to need emphasis here. The effects of bleeding and 

of obstruction of the lymph and blood stream not to mention 

disease, are of course known still better to almost everyone. 

If I understand Retterer correctly the terms lymph and hemo- 

lymph merely designate different physiological states of one 

and the same node, and the inability to demonstrate lymph 

vessels in the hemal nodes of sheep, is due merely to the practical 

difficulty of injecting the lymphatics. Be this as it may, to 

be wholly consistent Retterer should, of course, apply the same 

reasoning to the spleen and to supernumerary spleens. 

As far as transformation of hemal into lymph nodes is con- 

cerned it follows, to be sure, that this is an impossibility unless 

(1) afferent and efferent lymphatic vessels grow into the hemal 

node; unless (2) the circulation of hemal nodes is transformed 

into a closed one; unless the obliteration of blood spaces and 

lacunae or the conversion of the latter into capillaries is effected 

and unless (3) the isolated erythrocytes and large areas of the 
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same which are usually distributed about freely in the paren- 

chyma of the hemal node are removed. 

The difficulty of such an assumed transformation becomes 

doubly evident if the occurrence of very large numbers of hemal 

nodes which represent practically nothing but a sack of blood. 

is borne in mind. Moreover, if such a transformation did occur, 

it would seem exceedingly strange that some carcass among 

the many thousands examined did not have a number or a 

group of lymph nodes in the fat of the sub-vertebral or subcu- 

taneous regions, or elsewhere, at least approximately equiva- 

lent to the number of hemal nodes commonly found there. It 

would also seem strange that some hemal node or nodes with 

afferent lymphatics in various stages of entrance or penetration 

into the nodes were not found among the many, many hundreds 

of nodes examined macroscopically and microscopically.  Fur- 

thermore, if lymph nodes can be transformed into hemal nodes 

some carcasses in which the customary lymph nodes in the 

lumbar subvertebral region had’all been transformed into hemal 

nodes should have been found or there should, at least, have 

been a decided reduction in the number of lymph nodes in ear- 

casses In which hemal nodes were so very numerous in this or 

in another region. Such reciprocal relations were, however, 

never observed and it is to be very seriously questioned whether 

they occur at all. Indeed, the evidences presented establish- 

ing such a transformation have been wholly inadequate, and 

no evidences whatever for such an assumption were observed 

in the course of my series of investigations which included large 

numbers of individuals in nine different species. 

Great difficulties confront those who conclude that hemal 

nodes are only modified lymph nodes which may again be recon- 

verted and thus cease to exist as hemal nodes. From a com- 

parative anatomical standpoint it would seem strange indeed 

that this accident (?) in development is restricted not only to 

certain species and that it should predominate in certain re- 

gions of a given species, but that it occurs so much more fre- 

quently in some individuals—or at some ages—of a given species 

than in the case of others. Moreover, since the sub-pannicular 
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and subeutaneous nodes of bovines previously described are 

always hemal and never lymphatic nodes and since the large 

regional lymph nodes of these animals or the sheep, are prob- 

ably never converted into hemal nodes, the above assumption 

becomes still more improbable. Besides, if hemal nodes are 

converted lymph nodes and the latter converted hemal nodes as 

claimed by Forgeot, Piltz, Retterer, v. Schumacher and Warthin 

they should not only be found at the seats of predilection for 

lymph nodes, but the combined number of lymph and hemal 

nodes should not materially exceed that of the normal number 

of lymph nodes, unless it be assumed—which no one has done— 

that additional lymph nodes are formed anew simultaneously, 

to take the place of those converted into hemal nodes pari passu 

with the conversion of lymph nodes into hemal nodes. 

It has not been shown that the true hemal nodes of bovines 

and sheep become diseased when the lymph nodes do, and no 

one has found a single carcass in which the place occupied so 

frequently by scores of hemal nodes was taken by a correspond- 

ing number of lymph nodes. The latter is, to be sure, a par- 

ticularly pertinent consideration in view of v. Schumacher’s 

conclusions and statement that hemal nodes usually possess 

lymphatics. Nevertheless, although v. Schumacher explicitly 

stated that there are two kinds of lymph nodes those with and 

those without lymphatics, he apparently uses the terms hemo- 

lymph nodes (Blutlymphdriisen) and lymph node synony- 

mously. Piltz, on the contrary, held that the blood sinuses of 

hemal nodes have no connection with the vascular system origi- 

nally and that lymphatics only grow into hemal nodes after 

the blood sinuses have become obliterated by the proliferation 

of lymphocytes. 

From embryological evidence in my hands since half a dec- 

ade it seemed clear to me that hemal nodes are not in connec- 

tion with the lymphatics in their early development and that 

the sinuses that may form in them are not in connection with 

lymph vessels. Furthermore, from the numerous observations 

on the carcasses of sheep of all ages, of several scores of the new- 

born lambs and of many foetuses it is evident that it is impos- 
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sible to demonstrate the pre-natal or even early post natal pres- 

ence of a number of anlagen comparable to the number of hemal 

nodes often found in the lumbar sub-vertebral region of sheep. 

However, this difficulty could apparently be met by v. Schu- 

macher’s suggestion that lymph nodes—among which he in- 

cludes hemolymph nodes—probably continue to form in post 

natal life. As stated by others and also by myself (Meyer 

14) this is a conclusion which it is difficult to escape in the case 

of both hemal nodes and of some supernumerary spleens. 

Then there are, of course, the fundamental structural differ- 

ences between hemal and lymph nodes which must be met by 

those who assume a conversion of one type of node into the 

other and also a reconversion into the original form or type. 

I previously called attention and emphasized the difficulty 

involved in other papers of this series. Most if not all of those 

who assume such easy conversions and reconversions between 

lymph and hemal nodes have largely overlooked or must have 

disregarded, the fact revealed especially by injections, that hemal 

and lymph nodes are distinct and separate types. This is 

true not only as far as the absence of lymphatics and all struc- 

tural differences implied thereby are concerned, but also be- 

cause of the entirely different character of the vascular cireu- 

lation within the node itself. Furthermore there are other less 

crucial but nevertheless equally essential structural differences 

between the two, besides the developmental considerations 

here reported. 

Although Retterer made no special study of hemal nodes 

his long series of morphological and experimental investiga- 

tions on lymph nodes entitle his opinion to much consideration. 

Since Retterer considers lymph and hemal nodes identical a 

short statement of his idea of the development and to some 

extent of the function of lymph nodes seems pertinent. Ret- 

terer ’06 found that the earliest lymph nodes in the inguinal 

region of the sheep appear as continuous cell masses certain 

elements of which become free from the protoplasmic ‘font’ 

and transform themselves at first into lymphocytes and then 

into erythrocytes. Their development begins as a syncytium 
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and the germinal centers and follicular cords in all ages are 

composed of a syncytium the elements of which (cells, fibers 

and protoplasm) form a continuous whole. The erythrocytes 

which are later set free appear in the hyaloplasm of the reticular 

cells before any gangliaform enlargement is present. The pro- 

duction of erythrocytes does not cease in embryonic life, how- 

ever, but may continue in adult life from the nuclei of lympho- 

cytes. A full statement of Retterer’s conclusions will be found 

in the original and in earlier articles. 

von Schumacher ’12b regards all hemolymph nodes as ‘rudi- 
mentary forms’ of lymph nodes and holds that the former 
always arise from the latter by a degeneration of the afferent 

and efferent lymphatics, either without or within the node. If 

the blood cells within the sinuses are subsequently destroyed 

then the hemolymph node is converted into an “ordinary white 

lymph gland without lymphaties.”” von Schumacher also thinks 

it probable that the latter nodes may as a result of sprouting 

of the obliterated vessels again become a true lymph node. It 
is of special interest that although von Schumacher holds that 

lymph nodes may develop wholly independently of lymph vessels 

he nevertheless claims that hemal nodes are not organs suit 

generis. 

Rabl 713? found both vascular and lymphatic connections 

in the developing hemolymph glands (Blutlymphdriisen) of 

the guinea pig and claimed that the peripheral sinus of hemo- 

lymph nodes contains blood from the beginning. It should 

be noted especially, however, that in the cervical node described 

and reconstructed by Rabl and regarded by him as a lymph 

node the sinus was formed from the jugular lymph sac and two 

veins which still communicated with the jugular vein. Hence 

Rabl regards the sinus as a remnant of the original communi- 

cation of the node with the vein, which still carries blood to 

the sinus of the nodes. Nevertheless Rabl emphasizes that 

the only difference between his conception of the development 

and that of Sabin is that he regards the original vessel which 

3 As reported in Studies on hemal nodes III], Anat. Anz. Bd. 45, 1913, 1 have 

never found a hemal node in the guinea pig. 
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communicates with the sinus and which contains blood as a 

lymphatic while Sabin regards it as a vein. Rabl says that 

the node described by him belongs in the class of hemal lym- 

phatie nodes of the English; or ‘lymphoider Bluknoten’ of Baum 

but that he prefers to call it a ‘Blutlymphknoten’ in the nar- 

rower sense! 

When I happened upon the subcutaneous hemal nodes of 

‘rattle (Meyer ’O8) and found by means of injections that these 

were invariably hemal and never lymphatic in character and 

only very rarely lay in such close association with lymphatic 

nodes as the hemal nodes in other parts of the body often do, 

it seemed that a long search for some nodes even if not for an 

individual node, the development of which could easily be deter- 

mined was at last ended. It was, to be sure, an easy matter 

to trace these subcutaneous nodes back to a foetal length of 

22 cm. as then reported, but unfortunately all of these foetal 

nodes the smallest of which were scarcely discernible with a 

hand lens were quite completely formed and since none of the 

individual subcutaneous nodes are constant as to exact posi- 

tion, the development of an individual specimen could not be 

traced by excision of the subcutaneous tissues in any small 

area alone. Hence, recourse had to be taken to excision of 

large portions of the superficial tissues in the regions in which 

the nodes are usually found in the adult. Although this was 

done in several instances at that time, nodes in the earliest 

stages of development were unfortunately not obtained. Be- 

cause of the rather large amount of technical work involved 

in a rather random search and also for other reasons, the prose- 

eution of this work was interrupted. The search for the earliest 

stages was continued, however, as material became available 

annually and extremely early stages in the development of 

these hemal nodes have finally been found. 

As was to be surmised from our knowledge of the occurrence 

of the mature nodes it does not necessarily follow that the earliest 

developmental stages can be obtained easily by merely proceed- 

ing to younger and younger foetuses. This might,to be sure, 

have been the case, but since hemal nodes vary so much in the 
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time of their appearance it so happened that the youngest stages 

were not found in the youngest foetuses as the legends for the 

accompanying illustrations will show. 

In their earliest stages the subcutaneous hemal nodes of 

bovines are represented merely by condensations in the sub- 

cutaneous mesenchyme. These condensations are syncytial for 

cell boundaries only appear later. Itis true that small islands 

of distinct cells such as those shown in figures 1 to 3 are found 

in tissue from very young foetuses but these are so numerous 

that I seriously doubt whether they represent early stages in 

the development of hemal nodes. Some of them as the one 

shown in figure 2, apparently ave blood islands rather than cen- 

ters of formation for hemal nodes. Others such as that shown 

in figure 3 are the earliest anlagen of the fat lobules one of which 

in a somewhat later stage of development was found to con- 

tain a giant cell (fig. 4). 

A less misleading though not uncommon appearance is the 

presence of a rather large mass of lymphocytes in a well-developed 

fat lobule as shown in figure 5. In this particular case the mass 

of lymphocytes is penetrated by a capillary and it is easy to 

see how these accumulations could suggest the formation of 

lymph and hemal nodes both in and from fat. Regarding the 

exact nature of still other accumulations like those shown in 

figures 6, 7 and 8 I am still in doubt. These accumulations of 

lymphocytes about capillaries and arterioles are never encap- 

sulated, are not at all well circumscribed and may be cylindrical 

in form. From my observations on supernumerary spleens 

I would be willing to believe that a hemal node might arise also 

in this way. Indeed, it requires no stretch of the imagination 

or violation of morphogenic conceptions to consider figure 7 

and 8 as a representation of early hemal nodes. All that isneces- 

sary is the assumption that chronological variations in the 

vascularization of the early anlagen occur. For such an as- 

sumption there is abundant evidence in the whole morphology 

of hemal nodes. Nevertheless I would not consider such a 

genesis as the normal or usual one and prefer not to urge it 

especially since such accumulations are relatively common. 
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The earliest anlage of a hemal node which I found is repre- 

sented in figure 9. This node which is 80 uw in size represents 

a condensation in the mesenchyme which has become circum- 

scribed through the development of a rather wide peri-nodal 

space. Although it is sometimes difficult to be certain this 

space is purely local and has no direct connection with the vas- 

Figs. 1 and 2. Cell islands in subcutaneous mesenchyme. Foetuses 27 and 

18.5 cm. X 1340 and 920. 

cular or the lymphatic systems. The peripheral space which 

is not complete is surrounded by a slight condensation in the 

mesenchyme which suggests beginning capsule formation and 

would hence justify one in regarding this space as the peripheral 

sinus or as I prefer, the subcapsular space. No capillaries or 

erythrocytes are contained in this anlage and the cellular cif- 
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s 31.4 cm. Foetu Fig. 3 Very early subcutaneous fat lobule. 

Fig. 4 Giant cell in a developing fat lobule. Foetus 32 em. 



Fig. 5 Marked accumulation of lymphocytes in a developing fat lobule 

lying very close to a developing hemal node. Foetus 22 cm. X 275. 
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ferentiation is but slight. Some cells nearer the center can be 

distinctly seen, however. ‘Their outline is polygonal and the 

protoplasm forms a comparatively narrow band around the 
large circular or vesicular nuclei some of which contain rather 

large chromatin granules. Shght condensation is present. near 

the periphery and here the nuclei are somewhat more elongated. 

Fig. 9 Very early anlage of a subcutaneous hemal node. Foetus 18.5 em. 

xX 920. 

Although the anlage shown in figure 10 which is about 70 yu 

largely only shows beginning rarefaction of the peri-nodal mesen- 

chyme the condensation and differentiation within the nodule 

nevertheless are somewhat farther advanced than in the pre- 

vious specimen. This nodule too is wholly non-vascular and 

seems to be entirely unrelated to vessels. It too was found in 

the subcutaneous tissues and does not lie far from a consider- 

ably larger hemal node. In spite of the absence of a definite 

peri-nodal space the intra-nodal condensation and differentia- 

tion has proceeded somewhat farther. No definite cell out- 
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lines can be seen but the appearance of the specimen is more 

uniform, the nuclei are considerably smaller and the beginning 

of reticulum formation is suggested by the appearance of some 

of the mesenchyme cells. In some small portions of the periph- 

ery the formation of spaces is also indicated. 

». Although it is difficult to determine the exact relation of the 

capillaries }present in the surrounding mesenchyme to these 

Fig. 10 Somewhat older anlage of a similar node. Foetus 32 em. 720. 

small nodules neither of them was formed in or near a plexus 

of any kind. Hence if as I have good reason to believe, these 

nodules represent very early stages in the development of hemal 

nodes there can no longer be any doubt as to their formation 

as independent differentiations in the subcutaneous mesenchyme. 

\{ In the next earliest stage which I happened upon the dif- 

ferentiation of the node has progressed a good deal as shown 

in figure 11. In this specimen which measures one third milli- 

meter, the syncytium is gone and the cells are quite distinct. 
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Capillaries and arterioles are found within and near the node 

and the peripheral sinus is completely filled with erythrocytes 

and lymphocytes. In spite of the apparently marked advance 

the capsule shows not the least sign of differentiation, however. 

The intermixture of erythrocytes within the parenchyma of the 

node is very slight except at the periphery. There is no unusual 

indication of the formation of erythrocytes within the node 

Fig. 11 Considerably older subcutaneous hemal node. Foetus 32em. 350. 

itself. Yet this node is approximately one-fifth millimeter in 

diameter, practically spherical in form and except for the absence 

of a capsule resembles some very small nodes taken from adult 

sheep and bovines very closely in structure. Vascular and 
lymphatic plexuses are again absent but single or branched 

capillaries can be seen to enter the peri-nodal space. As shown 

in figure 12 arterioles also pass through this space to pass into 
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the node. The peripheral blood space is decidedly irregular 

possessing invaginations into the body of the node and evagina- 

tions into the surrounding mesenchyme which in sections not 

infrequently give the impression of being sections of vessels. 

Few cell outlines are distinctly visible and many of the nuclei ap- 

pear more like those of older lymphocytes. Some erythrocytes 

are scattered throughout the node but no intra-nodal sinuses 

are present. Many of the cells represent a more primitive type 

Fig. 12 Arteriole penetrating interior of same node without communicating 

with the subcapsular blood space. X 475. 

however. No lymphatics whatever could be recognized near 

this node. 

A still older stage in the development of hemal nodes is shown 

in figure 13. In this specimen the capsule still grades directly 

over into the surrounding connective tissue but the increase 

in erythrocytes is very marked, especially within the parenchyma 

of the nodes where they mingle far more freely with the lympho- 

eytes than the drawing shows. Larger arterioles are present 
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and communicate with the periphery and interior but plexus 

formation is absent in or near the node. The cellular differentia- 

tion has greatly advanced but germinal centers are still absent 

and there is as yet no indication of the formation of the venous 

lacunae which are so common in nodes from mature animals. 

Fig. 13 Subcutaneous hemal node from foetus of 30 em. X 97. 

Vascular and lymphatic plexuses are again absent in this node 

which is half a millimeter in diameter. It was removed by 

naked eye inspection from a foetus of 30 em. The typical 

pyecnotic lymphocyte is the prevailing leucocyte in this node 
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and the advent of giant cells is seen. The lymphocytes are 

accumulated at the periphery and mingle freely with the blood 

in the peripheral blood space which seems to possess no definite 

boundary. 

Older stages than those here represented are easily obtain- 

able. Some of these show complete or almost complete develop- 
ment on one end and but slightly differentiated mesenchyme 

at the other. They suggest that cavernisation and capsule 

formation may be limited to but a portion of a node for a con- 

siderable period of time. The fact that the subcapsular spaces 

are frequently completely empty of erythrocytes also indicates 

that the vascular conditions within the node but not necessarily 

the vascular relations of the latter, vary quite markedly in the 

early developmental stages as well as later on. 

The earliest vascular relations apparently come about through 

the advent of capillaries which reach the node from the adjacent 

tissues. The presence of erythrocytes only within the subcap- 

sular space in some nodes, implies no doubt that capillaries 

may come into relation with this space first. Such a relation 

is shown in figure 14, taken from the same node. Here the 

vascular relations are beyond doubt although 1 am convinced 

that this direct relationship between the subcapsular blood 

space and the vascular circulation—except rarely through small 

confluent veins as reported elsewhere and in wholly depleted 

nodes—does not exist as a rule in the mature node. 

Some of these foetal nodes lay partly imbedded in the under- 

lying musculature but a definite capsule and sometime also 

the fascia, intervened. Not infrequently hemal nodes which 

were included in the block of tissue removed from the region 

of the flank lay near lymph nodes but never in them. in serial 

sections the presence of a lymphatic plexus or of lymphatic con- 

nections of the lymph nodes could usually be easily ascertained, 

however. Besides the lymph nodes were generally much larger; 

especially the main ones. This is undoubtedly due to the fact 

that they develop much earlier, long before the subcutaneous 

fat lobules. Some hemal nodes develop much earlier, however, 

and others undoubtedly later. But in spite of these facts and 
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the misleading appearances recorded above, the formation of 

the fat lobule follows a quite different course than that followed 

by the hemal node. Hence confusion is impossible except per- 

haps in its very early forms when the fat lobule too is repre- 

sented merely by a slight condensation in the mesenchyme as 

represented in figure 3. 

Fig. 14 Peripheral vessel communicating with the subcapsular blood space. 

Foetus 30 cm. X 1050. 

From the evidence obtained so far I feel justified in conelud- 

ing that the development of subcutaneous hema! nodes in bo- 

vines begins as differentiations in the mesenchyme. ‘The earliest 

anlage is syncytial and the first cells which are circular or poly- 

gonal in outline are rather large but are not abundantly provided 

with protoplasm. The nuclei are large and vesicular the whole 

cells recalling the large leucocytes of mature lymph nodes. The 

so-called peripheral sinus seems to form in loco wholly inde- 
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pendent’ of a plexus of vessels but may come into direct relation 

to the vascular circulation. Independent capillaries and not 

rarely a group of branching capillaries may come into relation 

with the peri-nodal space as shown in figure 15 even before the 

capsule has differentiated or during its differentiation. But 

Fig. 15 External section of a developing hemal node showing the relation 

of the extra-nodal vessels to the subeapsular blood space in the node shown in 

figure 12. X 475. 

the peri-nodal space frequently is incomplete or may never 

form, and the intra-nodal vessels frequently enter that portion 

of the node which is still fully undifferentiated. The intra- 

nodal circulation is formed by an artery and vein which enter 

the node by traversing the peri-nodal space which does not as 

a rule communicate directly with them, a fact abundantly ob- 

served in mature nodes of the sheep by Helly, Piltz and myself. 
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Although lymph vessels can be observed in the vicinity of de- 

veloping hemal nodes I have never seen them come into rela- 

tion to them nor have I ever seen a hemal node form in or about 

a lymphatic or vascular plexus. The hemal node then from 

its beginning is intercalated in the vascular not the lymphatic 

system. 

Clarkson working on the horse, sheep and pig and some of 

the earliest observers and very recently also Meek ’10 working 

on the pig thought that hemal nodes were the seat of formation 

of erythrocytes as well as of leucocytes. Robertson 790, e.g., 

strangely enough, thought that the nuclei of cells which looked 

like large multi-nucleated leucocytes, became erythrocytes while 

Meek 710 writing about conditions found in the hemal nodes 

of the pig says ‘‘Of special interest are certain small islets of 

cells which occur in the midst of the blood in the smuses. They 

are sharply defined from the surrounding red blood corpuscles, 

and are formed from aggregations of various types of blood 

cells. One such focus will contain, prehaps, fifty closely-packed 

normoblasts, another a clump of myelocytes, neutrophylic in 

granulation while yet others are made up of aggregations of 

polymorphonuclear cells. Mitotic figures may be seen in the 

cells of these islets. . . . . . The above appearances 

would seem to suggest that a part at least of the function of 

these glands in the pig is concerned with the formation of blood 

cells, red and white and they are described at some length as 

they differ materially from the conditions found in any human 

hemolymph glands examined.’ These observations of Meek 

are unique, for as emphasized by Drummond ’00, the stages in 

the formation of erythrocytes had not been observed in develop- 

ing nodes even. However, Drummond too believed that hemal 

nodes exercised some function in connection with erythrocyte 

and suggested that this function might by a cyclical one. This 

conclusion of Drummond’s was based on the great variability 

in cellular content. These variations within the same or in 

different species, he believed to be due to varying rates of blood- 

cell destruction. Drummond further thought that the rate 

of destruction of erythrocytes within the individual node or 
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species, was independent of the number of such nodes present. 

Warthin ’01 who held that the formation of erythrocytes un- 

doubtedly occurred in disease also suggested a cyclical activity 

and added that ‘‘the appearance (in disease in man) often sug- 

gests a transformation of adipose tissue into lymphoid tissue 

and the possibility of a physiological rotation of the two forms 
of tissue.” 

Gutig ’07 found germinal centers composed of normoblasts 

and myelocytes rarely present in hemolymph nodes of the pig 

and hence concluded that the assertion that hemolymph nodes 

serve only as seats of blood destruction can not be accepted. 

v. Schumacher *12 on the other hand, thought it possible that 

individual erythrocytes are formed in the hemolymph nodes of 

the sheep but regarded such an origin of erythrocytes as a very 

subsidiary one. v. Schumacher also reported phagocytosis by 

reticulum cells and a fragmentation of erythrocytes within 

phagocytes in some hemolymph nodes but the occurrence of 

extracellular fragmentation or degeneration of erythrocytes as 

observed by Weidenreich is denied. v. Schumacher like myself 

also observed but few pigment cells. 

That the destruction of erythrocytes both by extra- and intra- 

cellular disintegration and hemolysis and the formation of leuco- 

cytes occur within hemal nodes is undoubted. That these 

processes vary extraordinarily in degree within different nodes 

of the same individual species, as well as in those of different 

species is also evident. I fully realize that it is rather venture- 

some and often quite futile to draw conclusions regarding func- 

tion from a purely morphological basis, yet it seems to me that 

the supposed function of ‘blood destruction’ has been wholly 

over-emphasized. Moreover, it might pertinently be suggested 

that it is after all not ‘blood destruction’ but mainly destruction 

of erythrocytes which is apparently so preéminently a charac- 

teristic of some hemal nodes. Nevertheless, since so many 

hemal nodes contain so very little blood even when practically 

depleted of lymphatic tissue, it is highly improbable that de- 

struction of erythrocytes is the chief or even as important a func- 

tion of hemal nodes as would seem to be the case upon cursory 
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examination. For even if destruction of erythrocytes, be it by 
phagocytosis or by erythrolysis associated or unassociated by 

eytorrhexis, is the chief function of hemal nodes, it is evident, 

of course, that these processes must in all probability be due 

and largely if not solely due, to some activity—direct or indireet— 

on part of the parenchyma of the hemal node. Hence, even 

if this destruction within the node were due in part to the produc- 

tion of some lysin or enzyme, one might reasonably expect the 

quantity of lymphatic tissue to be considerable or proliferation 

of lymphocytes most active, in nodes containing comparatively 

large quantities of blood. This is, however, not the case for 

as is evident, the quantity of lymphatic tissue must of necessity 

vary inversely with the quantity of contained blood and it is 

only rarely that many follicles are found in a depleted node or, 

for that matter, in any hemal node which contains much blood. 

But even when this is the case and rapid proliferation of lympho- 

cytes occurs, this very activity would then defeat the main 

object for which these nodes are supposed to exist—viz., blood 

destruction. For just in proportion as the hemal nodes became 

more able to destroy blood, less of the latter would be able to 

stay in the node since the more lymphatic tissue there is. the 

less blood can be accommodated in the parenchyma of the node. 

It is, of course, mainly if not wholly in the latter and not in the 

vascular current within the node, that the destruction of erythro- 

cytes is believed to occur. Then too, it is probable that the 

volume of flow through the node necessarily increases, up to 

a certain point at least, when the node is undergoing depletion 

as a result of loss of lymphocytes by the blood stream, and un- 

doubtedly also as a consequence of the exercise of the supposedly 

specific functions of the node. Consequently, the more rapid 

the flow and the larger the quantity of blood that can be accomo- 

dated within the node the smaller the power of the node will be 

to perform the very task for which is is supposed to exist. That 

is, just in proportion as the need for the exercise of their function 

of blood destruction increased the nodes necessarily would 

become progressively less competent to fulfill it. Hencerapid 

self-destruction would seem to be the inevitable consequence 
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of the exercise of a supposedly normal physiological activity. 

To be sure, this is the ultimate fate of every organ and organism, 

but it seems unlikely that organs which apparently function 

for comparatively long periods of time should be subjected to 

such rapid self-destruction at the very time when according 

to this assumption, the need for their activity becomes greater. 

Since, moreover, the quantity of blood in some hemal nodes, 

is so very insignificant and since it varies so exceedingly in quan- 

tity and particularly since no signs whatever of destruction of 

erythrocytes can be noticed in many nodes, it is difficult in- 

deed to regard such a function as the only or even the chief réle 
which hemal nodes play in the economy of the organism. Hence, 

for this and also for other important considerations, the designa- 

tion ‘hemolytic organs’ suggested by Warthin does not seem 

wholly justified. In view of the above facts it seems more 

probable to me that the formation of leucocytes of various 

types rather than the destruction of erythrocytes is the chief 

function of the hemal nodes. 

That eosinophiles are formed in hemal nodes one can scarcely 

doubt. At least if they are not formed there in the sense that 

all of them are cells which are newly formed within the node 

itself, there seems to be no escape from the conclusion that 

eosinophile granules form within these nodes, in large numbers 

of cells which previously contained none. Moreover, phago- 

cytes are also undoubtedly formed there. The largest of the 
latter, the polykaryocytes and some megakaryocytes could, 

to be sure, not easily leave the node or be transported there 

because of their great size and must hence have arisen within 

the nodes themselves or have been transformed there. Since 

these poly- and megakaryocytes are relatively few, their activ- 

ity whatever it may be, is probably not a very important or, 

at least, not a very pronounced one. Most of them look in- 

deed like dying cells. 

The supposition that formative or conservative rather than 

destructive processes prevail in hemal nodes receives some sup- 

port from the observations of Warthin and others to the effect 

that the hemal nodes of man—if such there be—are enlarged 



404 ARTHUR WILLIAM MEYER 

in diseases in which blood destruction is known to occur. More- 

over, no one has regarded the cause of blood destruction in these 

diseases to le in the enlargement of these nodes, and it would 

seem more probable that hyperactivity in them at such a time 

as a result of infection or the production of toxine—should 

as in the case of the bone marrow, be regarded as a constructive 

rather than as a primarily destructive reaction or process. Then, 

of course as has been suggested repeatedly, there is the possi- 

bility that hemal nodes have the same function as the spleen 

and supernumerary spleens—whatever that may be. 

LITERATURE C1TED 

Bayer, Kari 1885 Uber Regeneration und Neubildung der Lymphdriisen. 

Zeitschr. f. Heilkunde, Bd. 6. 

Drummonp, W. B. 1900 On the structure and function of haemolymph glands. 

Jour. of Anat. and Phys., London, vol. 34. 

ENGEL, 1909-10 Zur Kenntnis des Fétalfettes. Monatschr. f. Kinderheilk. 

Bd. 8: 

Forcrotr 1909 Sur quelques particularites des ganglions hemolymphatiques 

des ruminants. Comptes Rendus, Assoc. Anat., Nancy, 1909. 

Guia, Kart 1907 Ein Beitrag sur Morphologie des Schweineblutes. Archiv. 

f. mikr, Anat., Bd: 70: 

Hevurer 1904 Uber die Heilungsvorgiinge nach Resecktion von Lymphdrii- 

sengewebe. Verhandl. d. Deutsch. Path. Gesellsch., Heft. I. 

Lewis, FrepericK 1909 The first lymph glands in rabbit and human embryos. 

Anat. Rec., vol. 3. 

Meek, W.O. 1910 Some morbid histological changes met with in the lymphatic 

glands especially in connection with the formation of haemolymph 

glands. Quarterly Jour. of Med., Oxford, vol. 3. 

Meyer, A. W. 1906 An experimental study on the recurrence of lymphatic 

glands and the regeneration of lymphatic vessels in the dog. Johns 

Hopkins Hospital Bulletin, vol. 17. 

1908 The haemolymph glands of the sheep. Anat. Ree., vol. 2. 

1914 The supposed experimental production of hemolymph nodes 

and accessory spleens. Jour. Exp. Zool., vol. 16. 

Pirtz, Herman 1907 Uber Himolymphdriisen. Berl. tieriirzt. Wochenschr., 

Bd: 23: 

1901 Ein Beitrag sur Kenntniss der roten Lymphknoten (Hiemo- 

lymphdriisen). Inaug. Dissert. Giessen. 

Reppinaius, R. A. 1912 Uber gegenseitigen Uebergang von Fettlappchen 
in Lymphdriisenknoten. Verhandl. deutsch. path. Gesellsch., Jena, 

15. 



DEVELOPMENT AND FUNCTION OF HEMAL NODES 405 

RetrereER, Ep. 1906, 1907 Des hematies des mammiferes de leur developpe- 
ment et de leur valeur cellulaire. Jour. de l’anat. et de phys., T. 42 

et 43. 

1901 Structures, development et fonctions des ganglion lymphatiques. 

Jour. de. l’ anat. et de phys., T. 37. 

1901 Rechereches experimentales sur les ganglion lymphatiques 

pour montrer qu’ils fabriquent outre le plasma et les globules blanc, 

des globules rouge qui sont emportes par le courant lymphatique. 

Comp. rend. de l’assoc. des anat. Bibliog. anat. Suppl. 

Rasy, H. 1913 Zur Frage nach der Entwicklung der Blutlymphdriisen. Trans. 

Intern. Cong. Med., London 1914. Sect. 1, Anat. and Embryol., 

Parte 

Rosertson, W. F. 1890 The prevertebral haemolymph glands. Lancet, vol. 

2, November 29. 

SaBin, FLorencE R. 1905 The development of the lymphatic nodes in the pig 

and their relation to the lymph hearts. Am. Jour. Anat., vol. 4. 

1907 The lymphatics. Morris’s Human Anatomy, Fourth Edition. 

Philadelphia. 

1912 The development of the lymphatic system. Human Embry- 

ology. Keibel and Mall, vol. 2, Philadelphia. 

1913 The origin and development of the lymphatic system. The 

John Hopkins Hospital Reports Monographs N.S., No. 5. 

v. ScuumacuHer, S. 1912a Uber Blutlymphdriisen. Verhandl. der deutsch. 

Anat. Gesell. Anat. Anz. Erganshft., Bd. 41, 1912. 

1912b Bau Entwicklung und systematische Stellung der Blut- 

lymphdriisen. Arch. f. mikr. Anat. Bd. 81. 

Veccu1, ARNALDO 1911 Die anatomischen Grundlagen der Chirurgie der 

Lymphdriisen; die Regeneration und Neubildung derselben Mitteil. 

aus. dem Grensgeb. der Med. und Chir., Bd. 23, Hft. 1. 

WarTHIN, A. 8. 1902 b The changes produced in the hemolymph glands of 

the sheep and goat by splenectomy, hemolytic poisons and hemor- 

rhage. Jour. of Med. Research, vol. 7, (N. 8.), July. 

1902 a Are haemolymph nodes organs sui generis. Trans. Chicago 

Path. Soce., vol. 5. 





THE POSITION OF THE RESPIRATORY VASCULAR 

NET IN THE ALLANTOIS OF THE CHICK 

VERA DANCHAKOFF 

From the Anatomical Laboratory of Columbia University 

ONE PLATE 

The structure and function of some of our organs seems to be 

so well established, that it requires a certain courage to com- 

municate new observations in fields which seemed to be ex- 

haustively studied. My observations refer to the arrangement 

of the respiratory capillary net in the allantois of the chick. 

In the chick embryo from the sixth day of incubation until 

hatching, the capillaries of the allantois subserve the function 

of respiration. “The allantois is a sac, the walls of which are 

flattened by the narrow space offered to its development and can 

be considered as two sheets. The outer sheet contains the richly 

developed respiratory net, which, according to Fiillborn’s' ex- 

pression, can be compared with a sinus traversed by trabeculae 

of mesodermal tissue. 

The respiratory capillaries of the outer sheet of the allantois 

are homologous in their function, according to Schulte’s termi- 

nology homodynamous, to the respiratory capillaries in the pla- 

centa of the mammalian embryos and to those of the lungs and 

the gills in the definitive respiratory organs of vertebrates. The 

respiratory capillary net’ manifests in its structure as well as in 

its relation to the constituent parts of the organs, in which they 

develop, perfectly similar features. No where seem the respira- 

tory capillaries to come into immediate contact with the air or 

with the fluid, which contains the oxygen. The endothelial 

wall of the capillaries is separated from the immediate action of 

1 Fried. Fillborn, Beitrige zur Entwicklung der Allantois der Vogel.’ Inau- 

gural Dissertation. Berlin, 1895. 
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the air or the liquid by a special membrane, which consists of 

ecto- or entodermal cells. 

This situation of the respiratory capillary net is merely a 

special case of the general arrangement of the mesodermal struc- 

tures in the organisms and necessarily ensues from the primitive 

development of the mesoderm between the two other germ- 

layers. To state that the definite localization of this tissue be- 

comes in itself a differentiating factor would seem to repeat a 

commonplace. A mesodermal cell acquired definite potencies, 

and has lost certain others in association with its development 
not on the surface but between the surfaces. 

Whether the definite localization between two germlayers in 
the course of development has become for a mesodermal cell a 

necessary condition for its existence has hitherto seemed sub- 

ject to little doubt. The fact that both in embryos and in the 

adult organism, mesodermal structures especially those of mesen- 

chymal type are separated from the outer environment by ecto- 

or entodermal membranes is well established through all the ani- 

mal classes. There still exists a curious exception from the 

usual relations between the derivatives of the germlayers, which 

is seen in the arrangement of the respiratory capillary net in the 

allantois of the chick. Though the definite localization of the 

mesodermal tissues is their most important character at their 
appearance, it does not necessarily follow, that it invariably re- 

mains one of their characteristic features. Mesodermal struc- 

tures which have appeared between the two primitive germlayers 

might grow through one of them and develop here further into 

specific structures. Though instances of such relations between 

the derivatives of the germlayers have not yet been described, 

an example is furnished by the capillary net of the chick allantois. 

This membrane has been recently studied by Fiillborn.2 I am 

not, therefore, endeavoring to give in my short note a full ac- 

count of the development of the allantois itself or of its capil- 

lary net. The study of a series of allantois between the sixth 

and twenty-first day of incubation, gave, however, additional 

2 Loe. cit. 
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data concerning the relations of the capillary net to the ecto- 

dermal layer of the allantois, which previously belonged to the 

serosa proper. At the beginning of their development all the 

vessels are subepithelial; soon, however, a rich capillary net 

grows and develops inside of the epithelial layer itself, pierces 

the epithelium and expands freely above the surface of the 

ectoderm immediately under the egg shell membrane. 

In my previous paper on the equivalence of the hematopoietic 

anlages,? I had the opportunity of mentioning the extreme vul- 

nerability of the vessels of the allantois in later stages. This 

vulnerability and the ensuing hemorrhages are now fully ex- 

plained by the development of the respiratory capillary net 

above the ectoderm under the egg shell membrane. 

This peculiar localization of the respiratory capillary net in 

the outer sheet of the allantois did not entirely escape the ob- 

servation of Fiillborn. 

Dort wo die Kapillaren des ‘iusseren Blattes ihre typische Ausbildung 
erlangt haben, finden wir statt des doppelschichtigen kubischen Serosa- 
Epithels eine Schicht sehr platten Zellen, welche unmittelbar tiber den 
Kapillaren liegen; es erinnert dies ganz an die Verhiltnisse, welche wir 
sonst bei respirierenden Organen zu finden gewohnt sind. Diese diinne 
Ektodermlage wird in dem Laufe der Entwicklung von den ihr anlieg- 
enden Wandungen der Kapillaren immer schwerer zu unterscheiden 
und in der zweiten Hilfte der embryonalen Entwicklung gelingt dies 
meist nicht mehr. 

This statement quoted from Fillborn’s paper‘ strongly sug- 

gests an immediate contact between the respiratory capillary 

net and the egg shell membrane, but according to Fiillborn, it 

seems to have resulted from a secondary degenerative process to 

which the ectodermal cells suecumb. The stage of intra ecto- 

dermal localization of the capillary net evidently was not ob- 

served by Fiillborn. An epithelial-like layer of cubic cells be- 

neath the capillaries is, however, mentioned, but they were 

interpreted as of mesodermic origin. Thus the outer sheet of the 

allantois in Fiillborn’s description seems to be deprived of ecto- 

3 Equivalence of different hematopoietic anlages 1. Spleen. The Amer. 

Jour. of Anatomy, vol. 20, 1916, p. 255. 

4 Loc. cit. 
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derm, and so again reduced to its primitive two layers of ento- 
derm and mesoderm. 

The two figures 1 and 2 illustrate the process of the develop- 

ment of the capillary net on the surface of the allantois. At no 

stage does the epithelial ectodermal membrane degenerate; it is 

invariably present, but it changes the superficial position which 

it occupied in earlier stages and is found in later stages below the 

capillary net. There is little doubt, that the epithelial layer of 

cubic cells observed by Fillborn and thought to be of mesoder- 

mal origin is the ectodermal layer of the serosa missing in his 

description... 

Figure 1 represents the superficial layers of the outer sheet 

of the allantois. The ectodermal membrane is at this stage 

well defined; its constituent cells are easily identified; their 

large light nuclei with a well developed nucleolus and a net of 

chromatic filaments markedly differ from those of the mesodermic 
cells; their cytoplasm, stained with Eosin Azur, takes a purplish 

tint, while the mesodermic elements show a blue-greenish color. 

No definite boundaries are seen between the cells of the ecto- 

dermal layer, and their respective limits are merely indicated by 

regions of somewhat acidophylic cytoplasm. The more superfi- 

cially situated ectodermal cells appear flattened. Numerous 

mitoses are encountered. 

Figure 1 represents only the superficial parts of the outer 

layer of the allantois. A branch of a deeper situated vessel runs 

perpendicularly to the ectoderm membrane, penetrates it and 

here resolves itself into numerous meshes of a capillary net. 

The meshes are situated in the substance of the ectodermal 

membrane and are intimately surrounded by ectodermal cells. 

They have their own walls which consist of a thin endothelium 

with numerous nuclei. These nuclei are small and flattened, 

possess numerous small chromatic particles but no: visible nu- 

cleoli and take a marked greenish tint. The meshes of the net 
situated in the ectodermal layer are derived from the vessels 

which grow ‘into and pierce.the ectoderm. They are filled by 

circulating blood in greatest part by erythrocytes, though granu- 

lar leucocytes and occasionally hemoblasts are seen. 
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A peculiar interaction between ectoderm and ingrowing ves- 
sels can be observed during the earlier stages. The ectoderm 

cells of the deeper layers in the vicinity of the vessels undergo a 
rearrangement and form conical projections directed toward the 

vessels; individual ectodermal cells send out processes toward the 

vessels, as if they were actively attracted by them. Intimate 

connections are established between the ectoderm and endothe- 
lial cells and the two structures would be indistinguishable 

from one another were it not that the large nuclei of the ecto- 

dermal cells and the specific staining reaction of their cytoplasm 

offered criteria adequate to differentiate them from the mesoder- 
mic elements of the vascular walls. 

In somewhat later stages the intraectodermal position of the 

respiratory capillary net undergoes a further modification. At 

the thirteenth to fifteenth day of incubation the capillary net is 

situated above the ectoderm. The meshes, in earlier stages sur- 

rounded by epithelial ectodermal cells, now come at least by one 

of their surfaces into immediate contact with the egg shell mem- 

brane. The net itself becomes gradually closer, the individual 

meshes touch each other and in a few places only are separated 

by small islands of ectodermal tissue. The lumina of the capil- 
laries are surrounded by a distinct endothelium, the nuclei of 

which markedly differ from the nuclei of the ectodermal cells. 

The capillary net now situated immediately under the egg shell 

membrane is connected by numerous anastomoses with the larger 

vessels of the deeper mesodermal layers of the allantois. 

At this stage the ectodermal epithelial membrane is found 

entirely beneath the capillary net, it is traversed by the numerous 

anastomoses between larger vessels and the capillary net; which 

lies on its surface. The ectodermal cells retain the characteris- 

tic features of the earlier stages. Only a few of them reach the 

surface of the allantois projecting between the individual meshes 

of the net and come into contact with the egg shell membrane. 

The structure of the outer sheet of the allantois offers an ex- 

ample of unique relation between the derivatives of the germ- 

layers. The derivative of the mesoderm, the capillary net, 

actually traverses the ectodermal membrane and expands above 
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in the form of a rich plexus. First developed between the germ- 

layers the vessels are not necessarily confined to this location 

and seem to be perfectly adapted to an existence within the 

ectoderm as well as on its free surface. 

Localization of vessels inside of the epithelial membrane is 

not wholly unknown.® Even within the trophospongium of a cell 

capillaries have been observed.’ An expansion of a capillary, 

particularly of a respiratory net above the surface of the epithe- 

lium, so far as I am aware, has not been observed. Of course, 

even in this case, the vessels are not in immediate contact with 

the air which contains the oxygen; they are covered by the egg 

shell membrane and by the egg shell, but neither of them are 

living cellular layers, and the oxygen reaches the endothelial 

wall of the capillaries without passing through a living substance. 

A study of the gradual development of the allantois has lead 

me to a different interpretation of the subvascular epithelial-like 

cells from that given by Fillborn. This layer of cubic cells, 

found beneath the capillary net is according to him of mesoder- 

mal origin, but in reality they are the ectoderm of the serosa. 

Recent studies tend to show that the morphological structure of 

the individual cells does not present criteria adequate for their 

identification, and this is especially true for young undifferen- 

tiated cells. Even less information concerning the origin of the 

tissue can be sought from the study of the specific arrangement 

of cells in tissues; epithelial membranes are formed by ecto- and 

entoderm as well as by mesoderm; reticular tissue may derive 
from any germlayer. Inasmuch as the structure of the nuclei 

and of the cytoplasm of the epithelial cubic cells beneath the 

vascular net markedly differ from the cells of the endothelial 

capillary walls, it is permissible to speak of two different struc- 

tures. The ectodermal origin of the epithelial membrane cannot 
be however necessarily deduced either from its specific struc- 

tural features or from the epithelial arrangement of its constitu- 

6 For references see: Traité d’histologie. A. Prenant, P. Bouin et L. Mail- 

lard, p. 86. 
6 Textbook of the principles of animal histology. U. Dahlgren and W. A. 

Kepner, p. 7. 
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ent cells. The localization of the ebithelial like cells in this par- 

ticular case might however offer more or less evidence of their 

ectodermal origin. Epithelial-like membranes, disregarding their 

origin, are usually formed on free surfaces or around lumina, 

and the existence of an epithelial-like membrane in the midst 

of mesodermal structures must strongly suggest its secondary 

development at the expense of a structure, formerly otherwise 

situated. 
The identification of the subvascular epithelial-like cells as 

ectodermal can be established by the study of their histogenesis, 

but this method must be applied exhaustively. A gap in obser- 

vation leads often to a wrong conclusion, and the lack of stages, 

which showed a growth of the capillary net through the ecto- 

derm led Fiillborn to the conclusion of the mesodermal origin of 

the subvascular epithelial-like cells. 

A reliable method of identification of cells and tissues can be 

found in the study of their potencies for differentiation. If two 

kinds of differently constituted seeds cannot be distinguished, 

let them grow under equal environmental conditions; their prod- 

ucts of development will be different, if the seeds were. In a 

previous paper’? concerning the small cortical thymic cells, the 
latter were identified as true lymphoid elements on the basis of 

this method. This conclusion was drawn from the experimental 

result that the stemecells of the small cortical thymic cells under 

definite conditions differentiated into granular leucocytes. The 

structural characters of the cortical thymic cells and those of 

their stemcells long seemed insufficient for their final identifica- 

tion. The recourse to a study of the potencies of the stemcells 

in the thymus served to establish definitely their identity as 

true hemoblasts; hence the small cortical thymie cells, as deriva- 

tives of hemoblasts, are not disguised epithelial cells of ento- 

dermal origin, but true small lymphocytes. 

The same method can be applied to the identification of the 

subvascular epithelial-like cells in the allantois. The recognition 

7 The differentiation of cells as a criterion for cell identification, considered 

in relation to the small cortical cells of the thymus. The Jour. of Experimental 

Medicine, 1916, vol. 24, p. 87. 
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amongst the derivatives of these cells of differentiation products 

exclusively characteristic of a given germlayer, would be adequate 
proof of the derivation of the cells in question from that germ- 

layer. If by means of experimental intervention the cells of 

the subvascular epithelial layer were transformed into hemo- 

blasts, their mesodermal origin would be definitely proved. If, 

on the contrary, a cornification of this layer could be obtained, 

this would offer strong evidence for their ectodermal nature. 

The allantois was used in my recent studies’ on the potencies 
of the reticular splenic cells as a favorable medium for growth 

of tissues and development and differentiation of their cells. 

The various tissues of the allantois, under the condition of the 

experiments, manifested definité changes; most of them were of 

progressive nature. Those relating to the subvascular epithelial 

layer only are of value in connection with the identification of its 

constituent cells. 

The changes in the cells of the subvascular layer were re- 

vealed in response to the irritation produced by the apposition of 

different tissues on the surface of the allantois. Though in 

nature similar, they differed somewhat according to the stage at 

which the cells were activated in the course of the experiment. 

A proliferation was brought about not only in cells which 

were in immediate contact with the graft but also in regions at a 

distance of 2 to 5 em. from the graft. <A proliferation took place 

not only at stages in which the epithelial-like layer covered the 

allantois as a membrane but also at stages in which it occupied 

a deeper position beneath the vascular respiratory net. In both 

cases the ultimate changes undergone by the epithelial layer of 

cubic cells Gonsisted in cornification of the more mature cells. 

In stages, in which the cubic cells formed a membrane on the 

surface of the allantois, their proliferation led to a thickening 

of the membrane. As seen in figure 3 the epithelial membrane 

of the allantois is now composed of numerous layers of epithelial 

cells, amongst which in many places three or four different 

kinds of cells can be recognized. The whole structure of the 

8 Potentialities of the lymphoid hemoblasts of the adult spleen. Proc. of the 

Am. Assoc. of Anat., 1917, p. 345. 
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membrane now reminds one strongly of the squamous epithelium 

of the epidermis. The deepest group of cells are cylindrical or 

cubic, basophylic and numerous mitoses are found amongst 

them. Layers of more flattened and less basophylic cells sepa- 

rate the younger cells from a stratum which shows definite and 

characteristic changes. Numerous particles of kerato-hyaline 

appear in the cytoplasm of these cells and transform a whole 

layer of the epithelial membrane into a stratum granulosum. 

The outer layers of the membrane undergo in many places a 

complete cornification. Of course the process has not the regu- 

larity seen in the epidermis; for example, numerous vacuoles de- 

velop especially in cells on the surface of the membrane, as seen in 

figure 3, but the cornification is sufficiently well pronounced to 

leave no doubt of its significance: the cells of the epithelial-like 

layer may undergo a cornification; this is a change exclusively 

characteristic of ectodermal and entodermal derivatives, therefore 

they must be considered as being of ectodermal and not of meso- 

dermal origin. (entodermal origin being out of question). 

Interesting changes are observed in the epithelial cubic cells 

if they are activated at a time when a vascular net has developed 

above it or in its substance. In the latter case the intensive 

proliferation of the epithelial cells leads to a discontinuity of 

individual meshes of the capillary net; the blood corpuscles are 

then ingested by endothelial cells. Cells of the epithelial mem- 

brane readily arrange themselves around small accumulations of 

blood corpuscles or endothelial cells, which soon become necrotic 

and the whole structure is very similar to an epithelial pearl or 

to a Hassal’s corpuscle. Even more characteristic picturesearise 

from the proliferation of the cubic cells when they occupy a 

subvascular position. Solid sprouts of ectodermal tissue often de- 

velop from the deeper layer of the epithelial-like membrane, they 

push into the mesenchyme of the allantois and here form well de- 

fined agglomerations of epithelial tissue. Never do the cells of this 

tissue separate from one another, the tissue may be traversed 

by numerous ameboid cells, which finally may transform it into 

a kind of reticulum, like the entodermal tissue in the thymus, but 

within the allantois they do not break up into individual cells 
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and invariably retain their reciprocal connections. Groups of 

epithelial cells are however found separated from the larger 
accumulations and here often develop into typical pearls. 

The cornification of the embryonic cubic cells after a activa- 

tion which transformed the thin subvascular layer into a strati- 

fied epithelium may serve as a conclusive proof of their ecto- 

dermal origin. The superficial localization of the respiratory 

capillary net is therefore not the passive result of a supposed de- 

generation of the ectodermal cells above it, but it is due to an 
active growth of the vessels into and through the ectoderm. 

The latter is found secondarily lying beneath the vascular net 

normally in the form of a double layer of cubic cells. 

The study of the allantois has shown an example of a peculiar 

rearrangement of the derivatives of the germlayers; tissues of 

mesodermic origin appear on the surface of the allantois and an 

ectodermal epithelial membrane is thereby pushed ‘deeper into 

the mesenchymal layer of the allantois. Both structures re- 

tain in their new position their specific characters. More- 

over the ectodermal membrane, the cells of which continue to 

proliferate under the new environment given by experiment, 

develop and differentiate in a definite manner elsewhere 

exclusively characteristic of epithelial ectodermal tissue. This 

may suggest, that the ectoderm of the serosa has reached a stage 

at which the cells have acquired a specificity sufficient to make 

them differentiate along definite lines under any environmental 

conditions. 
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PLATE Tf 

EXPLANATION OF FIGURES 

The figures were drawn with the camera lucida at stage level with Zeiss 

apochromat 2 mm. oil immersion obj. and the compensatory ocular 6. 

The figures represent outer parts of the external sheet of the allantois. 

1 Normal allantois at the tenth day of incubation. 

2 Normal allantois at the fifteenth day of incubation. 

3 Cornification of the ectodermal layer in the allantois at the fifteenth 

day of incubation around the graft made at the eighth day of incubation. 

ABBREVIATIONS 

Ect., ectoderm of the serosa Msc., mesenchyme 

E.ect.c., epiectodermal capillary net S.v.ect., subvascular ectoderm 

Hbl., hemoblast v., vessel. 

T.ect.c., intraectodermal capillary 

net 
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A STUDY OF THE REACTION OF LYMPHATIC ENDO- 

THELIUM AND OF LEUCOCYTES, IN THE TAD- 

POLE’S TAIL, TOWARD INJECTED FAT 

ELIOT R. CLARK AND ELEANOR LINTON CLARK 

From the Anatomical Laboratory of the University of Missouri 

NINE FIGURES 

INTRODUCTION 

The present investigation is part of a series undertaken in 

order to study the growth and reactive powers of living tissues 

and cells in the tadpole’s tail. These experiments were planned 
particularly in order to find out whether lymphatics react, by 

growth processes, to the stimulus of specific external substances, 

with the ultimate object of determining, if possible, what regu- 

lates the growth of lymphatic endothelium. Such a study in- 

volves observations on other tissues, such as blood vessel endo- 

thelium, mesenchyme cells, and leucocytes. 

The transparent tail of the frog larva is admirably adabtad to 

the experimental investigation of the growth and reaction of 

these types of cells and tissues because of the readiness with 

which this animal lends itself to experiment and to observation 

under chloretone anaesthesia, because of the ease of watching 

the behavior of each cell, in the living animal, and also because 

the normal mode of growth of the tissues present in the tad- 

pole’s tail has been thoroughly established. 
One of the authors (3, 4), in extensive studies in which every 

capillary and mesenchyme cell, for certain regions of the same 

tadpole, were carefully watched and recorded, for periods of 

several weeks, has shown that, at the stage when the tail has 

become transparent, connective tissue cells, wandering cells, 

blood vessels, and lymphatic endothelium are each specific and 
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independent tissues. Hence, in studying problems dealing 
with the growth of lymphatics and blood vessels in the tad- 

pole’s tail, the question of the primary differentiation of endo- 

thelium from mesenchyme is not involved. But the question 

of the nature and reactive powers of the lymphatic capillary, 

its relation to the tissue spaces, and its réle in the process of 

absorption can be investigated to advantage in living tad- 

poles. The importance of some of these problems his been 

emphasized by Miss Sabin (26) in a recent summary of the in- 

vestigations on the growth of the lymphatic system. 

Our interest in the present problem started with the observa- 
tion by one of the authors (3),:published in 1909, that lymphatic 

endothelium, in the tail-fin of the tadpole, reacts to the pres- 

ence in the tissue spaces of red blood cells which had been ex- 
truded by pressure from the blood capillaries. In such cases, 

lymphatics grew out to the blood cells and actively engulfed 

them. Since the morphological changes which the lymphatic 

underwent, in reaching blood cells at a distance, were similar 

to the usual growth changes of lymphatic capillaries, it was sug- 

gested that the normal growth of lymphatic endothelium, after 

its primary differentiation, represents a response to specific 

substances outside, which are usually invisible. 

That specific external substances may be a growth regulating 

factor for lymphatic endothelium, was also suggested by Evans 

(8, 9), who found that lymphatics fail to grow into tumors of 

epithelial origin, while they do invade tumors of connective 

tissue origin. He proposed the hypothesis that, in the first 

case, there are present angio-repellant substances, and, in the 

second case, angio-tactic substances. ‘This hypothesis has not 

been tested. 

It occurred to us that it might be possible, by injecting cer- 

tain substances into the transparent fin expansion of the tad- 

_pole’s tail, to gradually obtain information as to whether the 

lymphatic endothelium is influenced by them and, if so, by what 

types of substances. The selection of substances which presum- 

ably might have a specific attraction for lymphatics was pre- 

ceded by injections of an inert substance. The results of in- 
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jecting globules of paraffin oil, a substance whose only action 

could be mechanical, have been published (5). Small globules 
of the paraffin oil, injected subcutaneously into the fin, were 

found to exert no influence on mesenchyme cell, blood vessel 

or lymphatic endothelium. A transient gathering of leucocytes 

(sometimes only five or six of these) which always subsided 
three or four days after the injection, was the only observable 

tissue response. The globules had not diminished in size after 

two weeks of observation. 

On another occasion, a few granules of India ink were in- 

jected into the tail-fin and the result observed under the com- 

pound microscope. In this case, the carbon granules were 

taken up by the processes. of the connective tissue cells and by 

leccocytes, and four or five hours after the injection, most of the 

granules had been disposed of in this way. This experiment, 

the details of which will be published elsewhere, showed that the 

ordinary connective tissue cells, in the tadpole’s tail, possess a 

phagocytic power toward carbon granules which is not shared by 

blood-vessel or lymphatic endothelium. 

For the present experiments, which were carried out in the 

spring of 1916, we selected fat, in various forms, as a substance 

which might conceivably exert an attraction on lymphatic en- 

dothelium. This was suggested by the presence of an extremely 

rich lymphatic supply to the intestine of adult vertebrates and 

of the association of these vessels with fat absorption, and also 

because certain analyses of lymph, collected from lymphatics 

draining the leg, have shown a decidedly higher fat content than 

that of the blood plasma. It was also suggested because of the 

fact that fat globules can be clearly seen and any diminution in 

their size easily noted. 

MATERIAL AND METHOD 

The tadpoles, used for these studies, were the larvae of Rana 

pipiens. ‘The substances, selected for injection, were olive oil, 

oleic acid, cream and yolk of egg. The tadpoles were anaes- 

thetized in chloretone (1 to 3000) and a small amount of the 
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substance to be tested was injected subcutaneously into the 

transparent fin expansion of the tail. The injections were per- 

formed under the high power of the binocular microscope, with 

glass canulae measuring about 20 micra at the tip. Before in- 

jection, the fat was heated in a water bath to a temperature of 

70°C., but was not boiled in order to avoid an alteration in its 

chemical constitution. The olive oil and oleic acid were intro- 

duced in the form of single globules, measuring about 50 micra in 

diameter. The cream and yolk of egg, both of which consist 

mainly of an emulsion of very fine droplets, were injected in the 

form of a small irregularly shaped mass of approximately the 

same size as the globules of oil. The various substances were 
injected in different locations in different larvae; in some cases, 

they were introduced near the edge of the fin at a distance from 

lymphatics and blood capillaries, in others, they were injected 

near the muscle edge and consequently nearer the vessels. 

The anaesthetized tadpoles were then observed, in chloretone 

(1 to 5000) under the compound microscope, in a micro-aqua- 

rium, by a method previously described (4). The cells and 

vessels in the neighborhood of the injection were drawn, and 

records made of them from day to day. 

Description of experiments 

The results of injecting each of the substances used will now 

be described: 

1. Olive oil. As previously stated, the substance was injected 

into the subcutaneous tissue of the tail, under the binocular 

microscope and with the aid of fine glass canulae. The anaes- 

thetized tadpole was then transferred to the micro-aquarium 
and the oil and neighboring mesenchyme cells, blood-vessels 

and lymphatics were drawn with the aid of the Leitz drawing 

eye-piece No. 164. Immediately after injection, the oil globules 

measured from 30 to 70 micra in diameter and were, as a rule, 

oval in shape. From ten to twelve hours later they became 

spherical. On one or two occasions in which the site of injection 

became infected, the olive oil was extruded from the tail. In 
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most cases, however, the globule retained approximately the 
same position throughout the period of observation. 

Soon after the injection of olive oil, leucocytes were observed 
to pass through the walls of nearby blood-vessels and to wan- 

der toward the oil. Upon reaching it, they flattened out and 

formed a ring of cells around the periphery of the globule. A 

few minutes after coming in contact with the oil, the leucocytes 

12:00 Noon 

12:10 P.M. 

Fig. 1 Series of records illustrating the first reaction of leucocytes toward 

the various substances injécted. In this case a globule of oleic acid was in- 

jected eighteen hours before this series of sketches was drawn. Immediately 

after injection it changed to a brown opaque mass. At the time of making these 

records it consisted of a dense brown central portion and an outer portion, con- 

taining small refractile oil globules and surrounded by a ring of leucocytes. 

During the observations, leucocytes were seen to pass out of neighboring blood 

vessels and to approach the injected mass, where they were ‘seen to take up the 

brown pigment and small oil globules. Some of the leucocytes containing pig- 

ment were seen to wander away. These records show clear leucocytes A b DG H 

and F approaching the injection mass and becoming pigmented. W, Y and Z, 

leucocytes which came out of the blood vessels and moved toward the injected 

mass. C D and V, pigmented leucocytes which wandered away from the in- 

jected mass. B.V., blood vessels; lym., lymphatic. Enlargement = 168x. 

Drawn with camera lucida. 
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became pigmented. ‘This pigment consisted of numerous small 

brown granules, the larger of which.looked clear and refractile 

by transmitted light and were apparently small drops of oil. 

When this region was observed and drawn at intervals of a 

few hours, it was obvious that lymphatic capillaries were at- 

tracted by the presence of the oil. A branch from a nearby 

lymph vessel, soon showed a tendency to grow in the direction 

of the globule, even bending out of its course to do so, and 

reached the rim of pigmented leucocytes within a few hours, or 

after two or three days, depending upon its distance from the 

globule at the time of injection. After reaching the oil, the tip 

of the lymphatic remained in close contact with the encircling 

leucocytes for several days. Occasionally, the tip of the lymph 

sprout later extended beyond the oil, and in such instances the 

wall of the lymphatic remained in close proximity to the pig- 

mented leucocytes and to the globule. No pigmented leucocytes 

were seen to enter a lymphatic. 

The exact relationship of the lymphatics to the oil and its 

rim of leucocytes was often difficult to determine. In other cases, 

such as the one illustrated in figure 6, the peculiar relationship 

could be observed to better advantage. In such an instance, a 

leucocyte containing oil droplets of varying sizes could be seen, 

closely adherent to the tip or wall of the lymphatic capillary 

which had grown out to the globule. Often a leucocyte remained 

in such a position with relation to the lymphatic for as long as 

six to eight hours and, during this period, the larger oil drops 

gradually became smaller and finally the very small droplets 

and granules decreased in amount and the leucocyte became 

clear. The process was more readily understood after watch- 

ing a similar occurrence in the case of the other injected sub- 

stances, where the reaction takes place more rapidly, and will 

be described in greater detail in that connection. 

A number of times during the period of two to three weeks 

in which the absorption of injected olive oil was observed, small 

globules about one-tenth to one-fifth the size of the main globule 

became separated from the rest of the oil. These smaller glob- 

ules were engulfed by leucocytes, although in many cases they 
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lym 

May 7 May 7 

10:00 A.M 8:30 P.M, 

Fic. 2 A series of records showing the reaction of a lymphatic capillary 

toward an injected globule of olive oil. The first sketch, May 5, was made im- 

mediately after the injection. The next drawing, sixteen hours later, shows the 

globule surrounded by pigmented leucocytes and the lymphatic apparently 

growing toward the globule. The next two sketches show the lymphatic sprout 

approaching the globule and in the last one, the lymphatic has reached the oil. 
and the tip is in close proximity to the globule and to the rim of leucocytes. 

Note that the blood vessel shows no reaction toward the globule but instead it 

retracts during the observation. B.V., blood vessel; lym., lymphatic; p. l., pig- 

mented leucocyte; c.l., clear leucocyte. Enlargement = 140x. Drawn with 
camera lucida. 
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\ y May 6 
May 5 

mee May 9 | 

Fig. 3 Another series of records, showing the reaction of a lymphatic capil- 

lary toward an injected globule of olive oil. The first sketch, May 5, was made 

immediately after the injection. The successive sketches show that the lym- 

phatic, although pointing to the right at the time of injection, soon sent out a 

sprout to the left, which grew toward the olive oil. The sketches also show the 

retraction of a blood-vessel which was near the globule at the time of injection. 

B.V., blood vessel; lym., lymphatic; c.l., clear leucocyte; p.l., pigmented leuco- 

eyte. Enlargement = 140x. Drawn with camera lucida. 
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appeared to be larger than the cells which took them in (fig. 6). 

On successive days, such a globule inside of a leucocyte, dimin- 

ished in size and simultaneously the minute fat droplets and 

brown pigment in the cells increased, apparently showing that 
the oil globule was being resolved into a finer and finer emulsion. 

The injected globules of olive oil diminished slowly but steadily 

in size but they were not completely absorbed at the end of 

nineteen days. 

No reaction toward the injected olive oil on the part of blood- 

vessel endothelium or mesenchyme cells was noted in any of the 

observations. 

2. Oleic acid. This substance was injected in the same man- 

ner and amount as the olive oil. Within a minute or two after 

coming in contact with the intercellular fluid, the oleic acid 

changed from a clear refractile globule to an opaque granular 

mass with irregular margins, which was brown by transmitted 

and white by reflected light. It was suspected that the oleic 

acid had been combined to form a soap. In order to be reason- 

ably certain of this, hard and soft soaps were made by boiling 

oleic acid with sodium hydroxide and potassium hydroxide re- 

spectively. The sodium oleate thus produced was found to have 

the same microscopical appearance as the changed oleic acid, 

while the potassium oleate differed markedly. It, therefore, 

seemed fair to assume that the oleic acid is combined with 

sodium of the tissue fluid to form the soap, sodium oleate, and 

that, instead of oleic acid, we are studying the reactions of the 

tissues to its sodium soap. 

The leucocytes responded to this substance more quickly and 

in larger numbers than in the case of the olive oil. They mi- 

grated toward the injected mass, formed a ring around it, sev- 

eral layers deep, and soon became deeply pigmented. On the 

day following the injection, many small refractile droplets were 
visible near the point where the oleic acid had been injected. 

These were scattered through the opaque brown mass and in 
the area around it and superficial to it. Such droplets were not 

present in other parts of the tail. The leucocytes surrounding 

‘the injected mass also contained these refractile drops in addi- 
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tion to the brown pigment. The chemical nature of these drop- 

lets was not determined. 

The response of lymphatic endothelium to the presence of the 
sodium oleate was similar to the reaction toward olive oil. 

Nearby lymphatics sent out processes which extended toward 

the site of injection, increased in size, acquired a lumen, and 

May 11 May 13 lym 

May 16 

Fig. 4 Series showing the reaction of a lymphatic capillary toward an in- 

jected globule of oleic acid (soap). Soon after the injection, May 11, the lym- 

phatie sprout extends in the opposite direction from the injected mass. On 

May 13, it is shown approaching the mass and in the last sketch it has reached 

it. lym., lymphatic; p.l., pigmented leucocyte; c.l., clear leucocyte. Enlarge- 

ment = 187x. Drawn with camera lucida. 

finally came into contact with the pigmented leucocytes surround- 

ing the soap (fig. 4). Continuous observations of the region 

were made and the movements of each leucocyte in the field was 

followed, by means’ of drawings made at intervals of about five 

minutes. It then became evident that pigmented leucocytes 

were continually moving away from the injected mass and wan- 

dering up to a nearby lymphatic capillary. After remaining for 
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fifteen minutes to half an hour or more in close contact with the 

tip or wall of the lymphatic, the leucocyte would move away 

again. Shortly before or at the time of wandering away, the 

leucocyte lost its brown pigment and became clear (fig. 7). 

The mesenchyme cells, just as in the case of the olive oil, 

remained totally indifferent to the presence of the injected sub- 

stance. In no instance did the blood-vessel endothelium re- 

spond to the fatty acid or soap by growing toward it or by 

sending out a process. However, in one set of observations in 

which the brown injected mass, with its sprinkling of refractile 

droplets and its circle of pigmented leucocytes, had shifted its 

position so that it came to occupy a position very near to a 

blood-vessel, leucocytes, containing pigment and droplets were 

seen, on three successive days, crawling around the wall of the 

blood capillary. Although they were watched continuously for 

several hours, they were not seen to lose their pigment. This 

was the only instance, in all the experiments, in which there 

was a suggestion that the neighboring blood capillaries might 

play a part in the absorption of the injected fat. 

The absorption of the oleic acid, or sodium oleate, proceeded 

more quickly than in the case of the olive oil but was not com- 

plete after ten days. This substance changed its shape and 

shifted its position much more noticeably than the olive oil. 

3 and 4. Cream and yolk of egg. Since these two substances 

were similar in appearance, upon injection, and produced iden- 

tical results, a single description will suffice for them both. A 

very small amount of each substance was injected into the sub- 

cutaneous tissue of the tail. Under the binocular microscope, 

the injection appeared as a line of black dots; viewed under the 

compound microscope, both the cream and yolk were seen to 

consist mainly of an emulsion of very small fat droplets. 

Soon after the injection, many leucocytes could be seen crawl- 

ing through the walls of neighboring blood capillaries and moving 

toward the yolk or cream. Upon reaching the injected substance, 

these cells proceeded to ingest the fat droplets. Soon after 

taking up the drops of cream or yolk, the leucocytes became pig- 

mented, owing to the numbers of very small granules which they 
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contained, the larger of which were refractile and indistinguish- 

able from the droplets composing the emulsion. 

When continuous observations of the injected region were 

made together with records drawn at five to ten minute inter- 

vals, it was found that pigmented leucocytes migrated from the 

injected mass and approached the tip or wall of a nearby lym- 

phatic capillary. Here they remained for from five to ten min- 

utes closely adherent to the lymphatic and then moved away. 

Just before or at the time of wandering away again, the leu- 

cocytes lost their pigment and, in most cases, became quite 

clear (fig. 8). This reaction of the pigmented leucocytes to 

lymphatics was similar to that described for the other two in- 

jected substances, but here the process was completed in a 

shorter time than in the case of the oleic acid and much more 

rapidly than in the case of the olive oil. In those larvae in 

which the yolk of egg or cream had been introduced near a 

lymph capillary, leucocytes containing granules and droplets 

approached the lymphatics within two or three hours following 

an injection. When the substance was injected at some dis- 

tance from a lymph vessel, the pigmented leucocytes remained 

in a thick cluster at the injection site for ten to twenty-four 

hours and then many of them wandered away, often moving 

toward a growing lymphatic sprout. In such cases, most of the 

leucocytes lost their pigment before coming in contact with a 

lymphatic capillary. 

The absorption of cream and of yolk of egg took viaes 

extremely rapidly: twelve hours after the injection, most of the 

droplets had been taken up by leucocytes and at the end of 

twenty-four hours, all of them had been. On the second day 

after the injection, only a few pigmented leucocytes were pres- 

ent at the point of the injection (figs. 5 and 9). 

On account of the rapidity of the absorption, the response of 

lymphatics toward the injected cream or yolk was not so strik- 

ing as in the case of the substances which were absorbed more 

slowly, since in many cases, the leucocytes had taken up all of 

the fat droplets and many of them had started to migrate 
toward the lymphatics before there was time for any marked 
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Fig. 5 Illustrates the reaction of lymphatic capillaries toward an injec- 

tion of cream. The first sketch was made immediately after the injection. The 

second, made seventeen hours later, shows that the small globules of cream have 

all been taken up by leucocytes. One of the lymphatic capillaries is seen to 

have grown, somewhat rapidly, toward the site of injection. In the last draw- 

ing, the lymphatic has extended still further and the pigmented leucocytes are 

wandering off, a number of them in the direction of the growing lymphatic 

sprout. As in figure 2 the blood vessel sprouts show no definite reaction toward 

the injected substance. B.V., blood vessel; p.l., pigmented leucocyte; c.l., 

clear leucocyte. Enlargement = 140x. Drawn with camera lucida. 
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growth on the part of the lymphatic endothelium. However, in 

experiments in which the site of the injection was located at some 
distance from the lymphatic, a definite growth of lymphatic 

sprouts toward the fat was observed and this gfowth continued 
after all of the injected droplets had been engulfed by leucocytes 

(fig. 5). When one of these rapidly absorbable emulsions was 

injected near the tip of a lymphatic, as in the series shown in 

figures 8 and 9, the lymphatic sent out a fine process in the 

direction of the nearest pigmented leucocytes. 

Blood vessels and mesenchyme cells were never observed to 

react in any way to the presence of the cream or yolk of egg. 

In comparing the results obtained from the foregoing experi- 

ments, it is evident that the reaction of the cells and tissues of 

the tad-pole’s tail was essentially the same in the case of all 

the substances tried. Any difference in response was one of 

degree and not’ one of kind. In general, the presence of the 

injected fat called forth a response on the part of two types of 

tissue—lymphatie endothelium and leucocytes. Connective tis- 

sue cells did not react, in any observable manner, even when the 

injected globule or mass of droplets pressed against them. AlI- 

though it is not impossible that the blood capillaries may have 

taken some part in the absorption of some of the soluble products 

of the lipolysis, the blood-vessel endothelium did not send out 

sprouts or processes nor show any visible reaction to the pres- 

ence of the fatty substance. Since the reaction of living cells 

and tissues, to substances selected for the experiments was con- 

fined to lymphaties and leucocytes, and since fat injected subcu- 

taneously appeared to be absorbed through the combined efforts 

of these two types of cells it is desirable to give a more detailed 

account of the reaction (1) of lymphatics and (2) of leucocytes, 

toward the injected fat. 

THE REACTION OF THE LYMPHATICS 

Lymphatic endothelium reacted positively toward all of the 

fatty materials used in these experiments. When the sub- 

stance had been injected near a lymphatic capillary, a fine 

pointed process was sent out from the lymphatic, which ex-— 
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tended in the direction of the fat and soon came into contact 

with the surrounding leucocytes. When the rapidly absorbed 

emulsions of cream and yolk of egg were the substances employed, 

this sending out of fine processes was the only noticeable growth 

reaction on the part of the lymphatic. On the other hand, when 

the injected material happened to be olive oil or oleic acid, the 

new processes of the lymphatic persisted longer and acquired a 

lumen. Once, a forked process was sent out which enlarged, 

acquired a lumen, and extended on either side of the oil, in close 

contact with the rim of leucocytes, as two branches of the 

lymphatic. 

When the injected substance was made at a distance from a 

lymphatic, the reaction was much more striking. A _ finely 

pointed process was sent out from a nearby lymphatic, which 

grew out in the direction of the injected fat. This process in- 

creased rapidly, in length, acquired a lumen and grew further, 

soon outdistancing the other lymphatic and blood vessel sprouts 

of that part of the tail. In case the substance injected did not 

chance to be one of the rapidly absorbable emulsions, this new 

lymphatic capillary grew directly toward the site of injection and 

came into close contact with the oil or soap and its surrounding 

leucocytes (fig. 2). In figure 2 is given: a series of records 

_ illustrating the growth of a lymphatic sprout toward an injected 

globule of olive oil. It will be seen that the lymphatic tip grows 

directly toward the oil and reaches it two days after the injec- 

tion, having grown a considerable distance during that period. 

In the first record, made immediately after the injection, the 

lymph eapillary is seen to be much shorter than the neighboring 

blood capillary. In the last record, made after the lymphatic 

has reached the globule, the lymph sprout is almost twice as 

long as the blood vessel, the latter having retracted during the 

observation. 

In another series of observations (fig. 3) a globule of olive oil 

was injected to the left of a lymphatic and some distance away. 

A drawing, made immediately afterward, showed that. the tip 

of the lymphatic was pointed toward the right and away from 

the oil globuie. A blood vessel was present at the left of the 
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lymphatic and one of its main branches extended nearly to the 

injected globule. A record made eighteen hours later showed 

that, from the tip of the lymphatic, a new branch had been sent 

out to the left, on the side toward the oil globule, which had 

already extended some distance in the direction of the oil globule. 
Three days after the injection, this newly formed lymphatic 

sprout had reached the pigmented leucocytes surrounding the 

oil globule. While this sprout, during its growth toward the 

oil globule sent out a branch in the opposite direction, its unin- 

terrupted extension to the oil indicates, pretty definitely, that the 

presence of the oil exerted on it an attractive influence. The > 

blood vessel sprout, in the meantime, retracted steadily. This 

retraction may have had nothing to do with the presence of the 

oil, as such new blood vessel sprouts have often been observed 

to retract. Considered, however, in connection with the record 

shown in figure 2, it is suggested that possibly the oil exerts a 

repellant influence on blood-vessel endothelium. 

The attraction of injected fatty substances for the lymphatic 

endothelium continues after the fat droplets have all been taken 

up by leucocytes, since in the case of the cream and yolk, injec- 

tions, made at some distance from a lymphatic, a sprout continues 

to grow toward the site of injection when extra-cellular fat is no 

longer present. In such cases, many of the pigmented leu- 

cocytes scatter, part of them moving toward the lymphatic. 

Some become clear during the migration and it is probable that 

the soluble, and therefore invisible, substances, set free from the 

leucocytes, exert this attraction on the lymph sprout. It should 

be mentioned in this connection, that even in its response toward 

the more slowly absorbed substances, the lymphatic capillary 

comes into contact with the pigmented leucocytes surrounding 

the olive oil, or sodium oleate, rather than with the fatty sub- 

stances themselves. 

The manner in which the lymphatic reacts toward these 

various substances is very similar to its response toward the ex- 

truded red blood cells, described in 1909 (3), and referred to 

earlier in the present article. In both cases, the lymphatic 

sent out fine processes toward the external stimulus present in 
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the form of fat or of erythrocytes and when this stimulus was 

situated at some distance, these processes enlarged, acquired a 

lumen.and grew further. In the process of taking up of red 

blood cells, the lymphatic is actively phagocytic; in the taking 

up of the fat, the lymphatic is assisted by leucocytes and appears 

to absorb the substance in a soluble form. Otherwise, the two 

reactions are identical and both are exactly similar to the nor- 

mal growth processes for lymphatic capillaries, which have been 

described fully in previous communications, the only apparent 

difference being that in the present experiments, as well as in 

the observations on the taking up of red blood cells, the stimulus 

to growth is a visible one. These experiments seem to add 

“new weight to the hypothesis, proposed in 1909 (3), that the 

growth of lymphatic capillaries, after their primary differentia- 

tion, is inseparably connected with their function (i.e., with ab- 

sorption) and that it is the varying formation of certain sub- 

stances in the tissue spaces which regulates the growth of the 

lymphatic capillary. 

As to the precise nature of the reaction; whether the lym- 

phatic endothelium is attracted by the specific chemical sub- 
stances, that is, whether they exert a positive ‘chemiotactic’ 

influence on the lymphatic, or whether it is mainly a response 

of the lymphatic to the quantity of substances moving toward 

it and being absorbed, is impossible, on present evidence, to 

decide. The fact that blood vessel endothelium failed to grow 

toward the injected fatty substances, while lymphatic endothe- 

lium did the reverse, is in favor of an especial relationship be- 

tween these substances and lymphatic endothelium. In all 

probability, it will be found that it is both a qualitative and 

quantitative reaction; that certain groups of. substances, among 

them the fatty substances used in the present experiments, are 

attracted to and absorbed by lymphatics, and that extension of 

the lymphatic takes place when the rate of absorption exceeds a 

certain point. It is hoped that further experiments will help to 

answer some of these questions. 

THE AMERICAN JOURNAL OF ANATOMY, VOL. 21, No. 3 
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THE REACTION OF LEUCOCYTES 

The behavior of the leucocytes was essentially the same toward 

each of the various substances employed. Figure 1 illustrates 

the initial response of leucocytes toward the injected material. 

These cells migrate from nearby blood-vessels and move toward 

the injected fat and within five or ten minutes after reaching it, 

they are seen to contain refractile droplets and brown granules. 

In the case of the single relatively large globules of olive oil, 

the leucocytes formed a ring around the oil consisting of a single 

layer of cells. In the case of the soap of oleic acid, the leuco- 

cytes penetrated the substance for some distance and remained 

as several layers in the less compact peripheral portion of the 

mass. In the case of the yolk of egg and cream, leucocytes 

wandered toward the injection site and actively engulfed the 

small fat droplets composing the respective emulsions. 

In all of the substances used for the experiments, leucocytes 

containing refractile droplets and brown granules, were ob- 

served to wander away from the site of injection and to move 

toward a nearby lymphatic capillary. After coming into close 

contact with the wall or tip of the lymphatic, they remained 
there for varying lengths of time (five to ten minutes in the 

case of the yolk and cream, about twenty minutes in the case 

of the oleic acid, and as long as ten or twelve hours when they 

contained drops of olive oil). This relationship of leucocyte to 

lymphatic is shown in figures 6, 7 and 8. At first sight, it often 

seemed that such a leucocyte was just upon the point of entering 

the lymphatic. However, when the region was observed closely 

over a sufficient period of time, the leucocyte was always seen 

to wander away. In fact, no pigmented leucocytes were seen to 

enter a lymphatic during the course of any of the observations. 

At the time of wandering away, the pigment within these phago- 

eytic cells either disappeared entirely or diminished perceptibly 

in amount (figs. 7 and 8). 
From these observations alone it was of course impossible to 

determine the exact chemical process by which the various fatty 

. substances were absorbed. As an interpretation of these records 
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of the living cells and their reaction toward the various sub- 

stances, it can be stated that leucocytes migrated toward the 

site of injection and actively phagocytized the fat in the form of 

small droplets and that subsequently the fat within the cells ap- 

parently became split up into a finer and finer emulsion (the 
brown pigment granules) and that, eventually, it was changed to 

a soluble form, in which state it was absorbed by the lymphatic 

capillaries. 

Fig. 6 Illustrates relationship of leucocytes to lymphatics during the ab- 

sorption of a globule of olive oil. Oil injected May 5. This drawing made 
May 15. This is the same specimen and oil globule as that shown in figure 2. 

The globule is surrounded by pigmented leucocytes some of them containing 

small oil globules. The smaller globule to the left has become separated from 

the main globule. The oil is represented by the color. lym., lymphatic; m.c., 

mesenchyme cell; p.l.. pigmented leucocytes; y, pigmented leucogyte, closely 

adherent to the tip of lymphatic. Enlargement = 187x. Drawn with camera 

lucida. 

This characteristic mode of response toward injected fat on the 

part of the leucocytes of the tadpole’s tail, stands in marked 

contrast to the behavior of the same type of cells toward the 

injected globules of paraffin oil. In the case of the experiments 

with paraffin oil, as described in the earlier article (5), leucocytes 

collected around the oil soon after its injection. This leuco- 

cytosis was always transitory. In some cases in which this tem- 

porary reaction was intense, probably as a result of infection, 
the globule was extruded. In most instances, the leucocytosis 

had subsided, after three or four days and, in all cases, at the 

end of a few days more. When individual leucocytes were 
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Fig. 7 A series of drawings showing the relationship of pigmented leuco- 

eytes to lymphatics during the absorption of an injected globule of olete acid 

(soap). The globule was injected on May 17. The series of records were made 

May 18. The opaque mass of soap is shown only in the first sketch. Leuco- 

cytes A and F were seen to move away from the injected mass and to approach 

the lymphatic. After remaining closely attached to the lymphatic for varying 

lengths of time, they were seen to move away. Just before moving away they 

became clear. In each case, as the leucocytes lost their pigment, a very few 

small granules were seen inside the lumen of the lymphatic which had not been 

previously noted. lym., lymphatic. Enlargement = 187x. Drawn with camera 

lucida. oes 
Fig. 8 A series of records showing the relationship of leucocytes to lym- 

phatics during the absorption of a small amount of yolk of egg. The first record 

shown here was made three hours after the injection. The yolk of egg was in- 

jected near the tip of a lymphatic sprout. Pigmented leucocytes J and F' be- 

came attached to the tip of the lymphatic and remained there for about ten 

minutes, and then moved away. Just before wandering away from the lym- 

phatie they became clear. Clear leucocytes D, Y and Z are shown approaching 

the injected mass and taking up the small yolk globules. Leucocytes F and M 

became pigmented after close contact with leucocyte H, which contained a large 

amount of pigment and granules. Leucocyte # disintegrated during the obser- 

-vation. G remained in approximately the same position throughout the obser- 

vation. lym., lymphatic. Enlargement = 168x. Drawn with camera lucida. 
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watched closely and records kept, they were seen to approach 

the globule and sometimes to flatten out on its surface and 
then to move away again. 

In the present study, we confined our attention to the study 

of the living. It would be of interest to study the leucocytes, 
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Fig. 9 Drawings of the same specimen and injection mass as in figure 8, 

showing the rate of absorption of an injected mass of small globules (yolk of 

egg). May 19, sketch made immediately after the injections. May 20, all of the 

small globules have either disappeared or are found inside of leucocytes. May 

21, only a few pigmented leucocytes, containing a few granules of yolk, remained 

at the injection site. lym., lymphatic; p.l., pigmented leucocyte; c.l., clear 

leucocyte. Enlargement = 187x. Drawn with camera lucida. 

containing fat, in fixed specimens and with special stains in order 
to discover if this reaction is confined to any one type of leuco- 
cyte. That such might be the case was suggested in several 

of our series of observations, owing to the fact that certain clear 

leucocytes, favorably located with respect to the injected fat, 

often remained in the same position, occupied at the time of 
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injection, while others came out of blood vessels at some distance 

away, moved past these leucocytes and finally reached the fat. 

Such a leucocyte which did not react to the presence of the fat 

is illustrated as G in figure 8. It remained in practically the 
same position throughout the observations, although it was 

much nearer the injection site than several other leucocytes, 

such as Y, upon which the fat exerted an attraction. An inves- 

tigation of this question would be of interest in view of the dis- 

covery of Fiessinger and Marie (10) that lymphocytes contain 

lipase, while polymorphonuclear leucocytes contain the protein 

splitting enzyme. 

The present studies were completed in the spring of 1916, 

before the work of Wislock (28) had been published, and were 
made without the aid of trypan blue. In the study published 

in 1909 (3), the results of staining tad-poles with neutral red 

was described, and neutral red was used in the present experi- 

ments, also. This stain is not specific in its reaction since it 

stains the epithelium intensely and all tissues rather faintly. 

Nevertheless, on focussing beneath the epithelium upon the 

field of observation for the experiments, it was noticeable that 

the red granules of the stain were confined almost wholly to 

two types of cells, namely, to the endothelial cells of the lym- 
phatic capillaries and to the pigmented leucocytes. A. very few 

red granules were scattered along some of the blood capillaries, 

but in the lymphatic endothelium, the stain was quite dense and 

had collected in clumps which were located chiefly in the peri- 

nuclear areas. Pigmented leucocytes, which had taken up the 

stain, were scattered at various points through the fins, and their 

presence was much more conspicuous, on account of their num- 

bers and the intensity of their staining, in the region where the 

fatty substance had been injected. It would be interesting to 

determine whether or not these leucocytes, which show a special 

affinity for the injected fat, would also stain with trypan blue— 

to discover whether or not they too should be classed as ‘pyr- 

rhol cells.’ 
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DISCUSSION OF THE RESULTS IN CONNECTION WITH THE QUES- 

TION OF FAT ABSORPTION 

In the present investigation we were concerned chiefly with 

the question of the reaction of the growing lymphatic toward an 

external stimulus, which in this case was represented by the in- 

jected fat. Therefore, the scope of these experiments did not 

enable us to deal with the problem of fat absorption except in an 
incidental manner. 

According to a recent summary by Bloor (2), most investiga- 

tors now agree with the findings of Pfliiger (22, 23) that fat in the 

small intestine is saponified through the action of the pancreatic 

‘ipase and the bile salts and is absorbed by the intestinal mucosa 

in the form of water-soluble soap and glycerol. However, 

Rossi (25) and Levites (18) claim that part at least of the fat 

is absorbed in the form of fatty acids. The work of Kastle and 

Loevenhart (15) on the reversible action of lipase on ethyl buty- 

rate, which has been confirmed by Pottevin (24) with regard to 

the higher fats, and the discovery of Loevenhart (19) that lipase 

is a normal constituent of the epithelial cells of the intestinal 

mucosa, make it clear that the products of the lipolysis are 

resynthesized within the intestinal cells.. Sixty per cent of the 

absorbed fat is known to be taken up by the lymphatic system 

and reaches the thoracic duct in the form of neutral fat. The 

rest has been shown by Hamburger (12), by D’Errico (7) and 

by Mendel and Daniels (20) to be conveyed to the liver by 

means of the portal circulation. The fat remains within the 

blood, suspended in a finely divided state, for about two hours 

after intestinal absorption and then disappears. Bloor (1, 2) 

has shown that the fat in the blood is taken up, to a large extent, 

by the blood corpuscles, both red and white, and there trans- 

formed into lecithin. Leathes (17) investigated the later stages 

of fat absorption and has shown that the fatty acids are de- 

saturated in the liver in prepartion for the process of oxidation. 
The mechanism by which the fat which is resynthesized in 

the intestinal mucosa, reaches the central lacteals of the villi, 

has not been clearly demonstrated. Loevenhart (19) advanced 
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the theory, based upon his observations of the reversible action 

of lipase, that the neutral fat, present in the intestinal cells 

during fat absorption, represented merely a stable phase in the 

reaction and that the absorbed fat was continually leaving the 
intestinal cells and entering the lymphatics in a soluble form, 

probably fatty acids, and was resynthesized somewhere im the 

lymphatic system (Loevenhart had previously shown that lipase 

is present in the lymph and the lymph glands). B. Moore (21) 

questions this hypothesis on the basis of analyses which showed 

that practically all the fat in the lacteals during absorption exists 

in the form of neutral fat, while the intestinal mucosa, from the 

same animals, yields a much larger amount of fatty acids. 

For many years, investigators, who have studied this question 

by histological methods, have described leucocytes as taking 

part in fat absorption. Thus, Zawarkyn (29) in 1883 found many 

leucocytes present in the intestinal villi, during fat absorption, 

containing granules which stained with osmic acid. In 1885, 

Schafer (27) described similar cells as playing an important réle 

in the process of fat absorption. His theory was that leuco- 

cytes, loaded with fat, entered the central lacteals and there dis- 

integrated and set free the fat. Rachel Zipkin (80), in studying 

the histology of the intestine in the monkey, found many phago- 

eytic cells, closely adherent to the wall of the central lacteals 

of the intestinal villi. D’Errico (7) describes large numbers of 

leucocytes containing fat in his experiments in which he ligated 

the thoracic duct during intestinal absorption. Kischensky (16), 

in studying the intestinal epithelium in preparations stained with 

Scharlach R and osmic acid, found many finely divided droplets 
inside the epithelial cells, during fat absorption, and also be- 

tween the cells. He also found fat within leucocytes during fat 

absorption in young kittens. In these cases the fat was present 

chiefly in small round cells with large nuclei and was seldom 

found in polymorpho-nuclear leucocytes. This last point is of 

interest in connection with the work of Fiessinger and Marie (10) 

on exudates, which has been referred to earlier in this article, in 

which they demonstrated the presence of lipase in lymphocytes 

and showed that the polymorpho-nuclear leucocytes contain a 
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proteolytic ferment. It is justifiable to conclude from all of 

the foregoing observations that leucocytes play some part in the 

absorption of fat. 

The observations reported at this time, on the reaction of liv- 

ing cells to fat injected subcutaneously, showed that leucocytes 

are strongly attracted toward the various fatty substances se- 

lected for these experiments, that they phagocytose the fat and 

usually convey the engulfed fat to a nearby lymphatic, and that 

they transform the fat intracellularly into a soluble substance or 

substances which are absorbed by the lymphatic. The chemical 

constitution of the products of this lipolysis obviously could not 

be determined by the present method of study. And it is, of 

course, impossible to state how far the results of these obser- 

vations are applicable to the question of fat absorption in the 

intestine. 
Another point which came out strikingly in the present ex- 

periments is that the rate of absorption of fat injected subcu- 

taneously is dependent upon its physical state, that finely di- 

vided emulsions are taken up and disposed of much more quickly 

than those substances which exist as single globules of oil. 

The very rapid transformation of oleic acid immediately after 

its injection into what was probably sodium oleate has been 

described. Just what element in the tissue fluid caused this 

reaction cannot be stated. We also are not prepared to ex- 

plain the nature of the small refractile droplets which made their 

appearance through and around the opaque mass of soap on the 

day following the injection. Frank and Ritter (11) have shown 

that carbon dioxide will cause the splitting of fatty acid from 

soap, in vitro, and perhaps this may be the explanation of this 

phenomenon. 

SUMMARY OF RESULTS 

a. Lymphatic endothelium, in the tail of the frog larva, reacts 

positively toward the ‘fatty substances, olive oil, oleic acid, cream 

and yolk of egg, injected ‘nto the tissue spaces, by sending out 

sprouts which grow to or toward them. 
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b. Leucocytes respond quickly to the injected substances, 

migrate toward them in large numbers and actively engulf the 
fat. 

ce. The fat is absorbed, apparently, through the combined 
efforts of leucocytes and lymphatics: 

d. Mesenchyme cells and blood-vessel endothelium are un- 

affected in any observable way by the presence of the injected 
fat. 

e. The rapidity of absorption depends upon the size of’ the 

fat droplets: the fine emulsions of cream and yolk of egg are taken 

up very much more quickly than the single relatively large 
globules of olive oil and oleic acid. 

f. The fat appears to be changed within the leucocytes and 

to be absorbed in a soluble form by the lymphatics. 
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THE BLOOD-VESSELS OF THE HEART VALVES 

STANHOPE BAYNE-JONES 

From the Department of Pathology, Johns Hopkins University, Baltimore, 

Maryland 

SIX TEXT FIGURES AND ONE PLATE 

The interest of pathologists in the study of the process of 

bacterial disease of the heart-valves has stimulated many con- 

tributions to the knowledge of the anatomy of these structures. 
It is important for the pathologist to know whether bacteria 

become localized in the heart-valves by mechanical adherence to 

their surfaces or by lodgment within the tisstte of the valve. 

The latter view, which served as the basis for Késter’s (1) theory 

of ‘Embolie Endocarditis,’ is founded upon the supposition that 

there are blood-vessels within the valves. Anatomical studies 

to determine whether or not blood-vessels are present in normal 

heart-valves have led to such various findings that the subject 

has been in a state of prolonged controversy. During the past, 

however, there has been gathered enough positive evidence of 

vascularity of the valves of the heart to outweigh the negative 

results of investigators who have failed to find these vessels. 

The studies to be reported in this paper confirm the work of 

those who have described the blood supply of. the heart-valves 

and in addition provide histological details of the vascular 

arrangement not hitherto noted. 

HISTORICAL 

The following critical review of the important writings on the 

subject of the vascularity of the heart-valves indicates the 

development of the controversy: 
Luschka (2) was the first pathological-anatomist to state 

that blood-vessels occur in the heart-valves. In 1852 he pub- 

lished an article illustrated with pictures of valves after injec- 

449 
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tion of the blood-vessels of normal hearts. Luschka found a 

network of vessels in the broad part of the valve with small 

vessels running to the line of closure, and a few vessels in the 

lower portions of the chordae tendineae. In the 1863 edition 

of his ‘Anatomie’ (3), Luschka states that blood-vessels are pres- 

ent in the semilunar as well as the auriculo-ventricular valves 

of the heart, and he illustrates this chapter with drawings from 
injected specimens of normal valves. He describes both arteries 

and veins in the valves and suggests that endocarditis may be 

related to the presence of these vessels. He noted that it was 

easiest to find vessels in the aortic leaflet of the mitral valve and 

correlated this finding with the great frequency of endocarditis 

lesions on this part of the valve. Luschka’s drawings, however, 

do not show the details of the relationship between the various 

vessels and they are incorrect in that they indicate that the 

capillaries end blindly in the valves. As will be shown later, 
there are definite vascular anastomoses here and a characteristic 

capillary bed. It is probable that Luschka’s injection mass did 
not penetrate sufficiently far. 

After Luschka’s clear presentation of the subject, Joseph (4) 

immediately opposed the idea that blood-vessels are present in the 

valves. Since then the controversy has continued. The diffi- 

culty in demonstrating the presence of these vessels seems to 

have been the chief subject matter of the criticism of Luschka’s 

findings. It is obvious that Joseph did not inject the valves as 

Luschka did. By some prescience, whose source is not in the 

writings of Luschka, many authors decided that the valves 
studied by Luschka were abnormal. 

Among the influential opponents of Luschka were Coen (5) 

and Langer (6). These authors found that the atrio-ventricular 

valves were partially vascularized, while normal semilunar 

valves never contained blood vessels. Langer associated the 

presence of vessels in the atrio-ventricular valves with the 

occurrence of fibres of smooth muscle. By making this correla- 

tion, he announced a doctrine which has been invoked fre- 

quently since then. Practically all subsequent studies have 

shown that the blood-vessels are fairly abundant whenever 
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there are muscle fibres in the valves. These are supposed to be 

confined to the basal third of the valve, and it is probably the 

rule that in the adult these structures are limited to this region. 

Numerous studies of the musculature of the valve have been 

made. In Tandler’s (7) recent ‘‘Anatomie des Herzens,’’ the 

situation is summed up as follows: 

Corresponding to their developmental process, the atrio-ventricu- 
lar valves of the embryo contain considerable muscle and a corre- 
sponding number of blood-vessels. This musculature has a close rela- 
tionship to the auricular musculature, so that in fetal hearts and those 
of young children, vessels are seen extending as far as this musculature. 
In the fetal heart, and in the young heart, vessels extend from the 
papillary muscles to the chordae tendineae and along through to the 
valve. The vessels diminish along with the muscle fibres of the 
chordae and valves. The almost muscle-free semilunar valves are 
also practically devoid of vessels. When islands of muscle tissue 
remain in the thin portions of the valves, delicate blood vessels can be 
shown to be present here. 

In 1903, Koniger (8) published an elaborate monograph on 

endocarditis. His studies of the normal anatomy are mostly. 

literary, as he admits on page 23, he has not attempted to in- 

ject normal heart-valves. He grants the vascularity of fetal 

valves and acknowledges that hematomata and hemangiomata 

are found at times in the normal valves of new born and young 

children. He attributes these conditions to vascular rests in the 

valves, and accepts Langer’s position on the absence of blood 

vessels in adult valves. 
The more recent studies of Nussbaum (9) are more convincing. 

He succeeded in finding blood-vessels in the atrio-ventricular 

valves of new born, child and adult. Figure II on page 465 is a 

sketch of the vascular network in the membranous portion of a 

mitral valve. He was not able, however, to inject vessels in the 

semilunar valves or chordae tendineae. 

The experimental endocarditis produced by Rosenow (10) by 

intravenous injection of bacteria give a more pathological cor- 

roboration to the findings of the anatomists who have demon- 

strated heart-valve vessels. After injection of streptococci, 

pneumococci and staphylococcus albus, in rabbits, Rosenow 
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found subendothelial clumps of bacteria in the heart valves, 

with hemorrhages within the structure of the valve. Rosenow 

thinks that the localization of bacteria in the valve must depend 

upon the presence of small blood-vessels there, which become 

embolized by clumps of bacteria. 

The most recent summary of the controversy has been placed 

by MacCallum (11) in his ‘‘Text Book of Pathology.’ His own 

studies of the subject make him take position with Langer— 

limiting the vessels to the basal third of the atrio-ventricular 

valves. MacCallum states: a ‘‘very complete injection of the 

dogs’ heart can be made by clamping the aorta and injecting 

India ink into the carotid before the heart stops beating.”’ My 

experience has been that the heart of the dog is not good ma- 

terial to use for such a study, and that an injection mass pushed 

_by the pressure of a failing heart-beat has entirely too slight a 

force to penetrate the vessels of the heart-valves. Proper 

pressure, suitable injection mass and the study of cleared speci- 

mens are the factors to which I attribute the findings to be 
recorded here. 

EXPERIMENTAL STUDIES 

The method of demonstrating the blood-vessels in the heart- 

valves was based upon the injection of a solution of carmin- 

gelatin into the coronary arteries. In some cases, as Dr. M. C. 

Winternitz has pointed out, vessels are visible in the valves of 

hearts opened at autopsy. It is a relatively simple matter to 

insert a capillary glass pipette into these vessels and to inject 

their fine ramifications with India ink. In this way, however, 

lymphatics are not distinguishable from blood-vessels. Injec- 

tions through the coronary arteries, on the other hand, give 

unequivocal evidence of the type of vessel thus filled with the 
colored mass. | 

The carmin-gelatin used in these injections was prepared as 

follows: 

Gelatin: a 15 per cent. solution .of gelatin (gold label) was 

made by slowly dissolving the requisite amount of gelatin in 

distilled water over a steam bath. When this was thoroughly 
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dissolved, it was filtered several times through double thicknesses 

of cheese-cloth. 

Carmin: (Gribler’s preferred). Sufficient carmin to make 1.5 

per cent solution when added to the gelatin solution was pul- 
verized in a mortar, while enough water was added to make a 

thick paste. The carmin was then dissolved in ammonium hy- 

droxide of known strength. The ammoniacal solution of carmin 

was then quickly poured into the warm solution of gelatin and 

thoroughly stirred. To this mixture was added slightly less 

than the calculated amount of acetic acid required to neutralize 

the ammonium hydroxide. The color of the carmin-gelatin 

should be dark red, almost like the color of venous blood. A 

light red color indicates that too much acid is present, and the 

earmin will be found in small granules when a drop of the fluid 

is examined under the microscope. If the mass is shghtly alka- 

line, the dye will diffuse through the injected tissues. The final 

adjustment of the reaction of the mixture was made from data 

obtained by titrating small amounts of it against the solutions of 

ammonium hydroxide and acetic acid. The sweetish odor of 

the mixture when it is neutral, supplanting the acid or ammonia- 

eal odor of the first stages of the preparation was found to be as 

valuable as any other indicator of the optimum reaction of the 

mixture. When neutral, the mixture was filtered through double 

thicknesses of cheese cloth After the addition of a few crystals 

of thymol, the carmin-gelatin was stored in flasks until needed. 

To prepare this for use, it was melted on a water-bath, and kept 

at 45°C. during the injection 

The preliminary experiments were performed upon the hearts 

of pigs, one or two years old, obtained from the slaughter house. 

The heart-valves and chordae tendineae of these animals are 

supplied with vessels which, in microscopic sections, are seen to 

contain blood-cells. With this assurance that the heart-valves 

of the pig contain blood-vessels experiments were begun with the 

preconceived notion that it would be a simple matter to inject 

the vessels with carmin-gelatin. Many attempts were made 

before the proper conditions were found, and forty-six hearts 

were used before a satisfactory injection was obtained. ‘The 

THE AMERICAN JOURNAL OF ANATOMY, VOL, 21, No. 3 
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important considerations were the post-mortem rigor of the 

myocardium, the presence of clots of blood or bubbles of air in the 

small branches of the coronary arteries, the blocking of the large 

blood channels so that the injected fluid would pass into the 

valves, and the pressure required to force the gelatin into the 

small lateral vessels of the annular arteries. When these factors 

were properly arranged, the blood-vessels of the heart valves 

of the pig could be injected with regularity. 

After these experiments, the procedure was as follows: The 

heart was used immediately, if obtained within an hour of the 

death of the animal. If not, it was kept in isotonic salt solution 

at room temperature for 24 hours, until the rigor of the muscle 

became soft and the vessels relaxed. The chambers of the 

heart were washed as free from clot as possible by allowing 

water to flow through the auricles. The coronary sinus was 

plugged with cotton and tied off gently. The cut edges of the 

auricles were then closed with a purse-string suture, and the 

pulmonary artery was tied off as high above the valves as pos- 

sible. Small glass cannulae were then passed down the stump 

of the aorta, into the orifices of the right and left coronary ar- 

teries, and tied in place by a silk suture passed with a fine needle 

around these arteries near the aorta. Care was exercised then to 

close all open vessels and to cause no new ‘leaks’ from tissue torn 

by the sutures. It was found to be of great importance to block 

these wider channels, so that the injection mass could be forced 

into the narrower course of the heart-valves. By an arrange- 

ment with an air-pressure apparatus, connected with a man- 

ometer, the melted carmin-gelatin at a constant temperature of 

45°C. was pushed into the coronary vessels under a pressure of 

140 to 190 mm. Hg. while the heart was kept in a bath of 

salt solution at 50°C. This high pressure appeared to be the 

most important factor in the procedure Injection at the ex- 

pected coronary blood-pressure of 110 to 120 mm. Hg. did not 

penetrate into the valves. When, however, the higher pressure 

was applied, many more small vessels became filled. The in- 

jection was held at this stage for half an hour. At the end of 

this time, while the pressure was maintained at 190 mm. Hg., 
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the warm bath surrounding the heart was replaced with ice- 

water. When the gelatin had solidified in the coronary arteries, 

the cannulae were disconnected, and the heart cut open to re- 

move the carmin-gelatin. collected in the auricles and ventricles. 

The opened heart was then placed in 10 per cent formalin to 

harden the gelatin in the small vessels. After 48 hours or 

longer, the valves were dissected, removing the atrio-ventricular 

rings with the tricuspid and mitral valves and strips of the pul- 

monary artery and aorta with the semilunar valves. Vessels 

could be seen in the upper portions of the atrio-ventricular valves 

and sometimes in the chordae tendineae at this stage. In or- 

der to render the whole vascular network readily visible, the 

valves were dehycrated in 95 per cent alcohol, cleared in a 

mixture of 2 parts of wintergreen and 1 part benzol. In valves 

rendered transparent in this manner, the vessels could be studied 

to greatest advantage with the binocular microscope. 

In the pig, the atrio-ventricular and semilunar valves and the 

chordae tendineae are well supplied with blood vessels They 

differ only in numbers from the vessels of the valves of the 

human heart and will not be described here in detail. 

BLOOD-VESSELS OF THE VALVES OF THE HUMAN HEART 

Atrio-ventricular valves 

The human hearts used for these injections were carefully 

selected normal hearts obtained from the autopsies of the 

Pathological Department of the Johns Hopkins Hospital. Four- 

teen hearts were injected. These were taken from human sub- 

jects of the following ages: 1 to 10 years, 6 hearts; 10 to 20 years, 

2 hearts; 20 to 30 years, 2 hearts; 30 to 60 years, 4 hearts. In 

some of these, only irregular groups of vessels and long delicate 

arterioles extending to the line of closure of the valves were 

shown by the injection. In three hearts fairly complete injec- 

tions were obtained. The following description is based upon 

these injections: 

The tricuspid and mitral valves receive arterioles from the 

annular branches of the right and left coronary arteries as these 
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pass through the region of the annulus fibrosus at the atrio- 

ventricular junction. These small arteries to the valves are not 

derived from the vessels which supply the auricular musculature, 

but are distinct branches from the annular arteries passing di- 

rectly into the valves. The general distribution of these vessels 

is shown by figure 1, which is a photograph of the mitral valves 

of a woman, aged 21, who died after an operation for exoph- 

thalmie goitre. Autopsy No. 4609. Figure 2 is a drawing of 

these vessels, made directly from the photograph of the speei- 

men. The chief arteries to the valve branch from the annular 

artery at widely separated intervals. These points of entrance 

are almost directly above the papillary muscles, and the vessels 

pass down the valve in the thickened portion above the insertions 

of the chordae tendineae. During this downward course, the 

arteries give off small lateral branches which ramify as delicate 

arterioles in the upper third of the membranous portion of the 

valve. When the thickened area of the line of closure of the 

valve is reached, the arteries undergo multiple branching, form- 

ing tufts of vessels in this region (fig. 3). From the terminal 

arterioles many small vessels anastomose, almost forming glom- 

erular tufts and loops. In this region the capillaries form abun- 

dant anastomoses. Only occasional strands of small vessels 

pass from the line of closure to the free margin of the valves. 

No vessels were found passing from the valves to the chordae 

tendinae. 

In the upper portions of the valves distinct differences be- 

tween the vessels may be seen, differentiating arteries from veins. 

The arteries have irregular edges, with the lumen constricted in 

some places and expanded in others. A definite constriction 

oceurs wherever the artery branches. The veins, on the other 

hand, have a smooth contour, and are not so deeply colored by 

the injection. These features are shown in figure 4, which is a 

composite drawing made by Mr. Max Brédel, representing in a 

semidiagrammatic manner the completely injected regions of sev- 

eral specimens. 

Chordae tendineae. In the human heart, the vascularity of 

these structures is slight. The arteries are derived from the 
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Fig. 1 Photograph of mitral valve, human, showing the blood-vessels in- 

jected with carmin gelatin. Enlarged X 3. 
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Fig. 2. Drawing made upon the photograph of the human mitral valve shown 

in figure 1. This drawing exhibits the vascular arrangement more clearly than 

the photograph. The few vessels in the chordae tendineae are drawn in from 

another specimen. 
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branches of the descending rami of the coronary arteries which 

supply the papillary muscles. These vessels form a subendo- 

thelial plexus around the bases of the chordae tendineae, and 
from this plexus delicate strands of vessels can be seen passing 

up along the chordae almost to their insertions in the valves. 

Fig. 3. Enlarged view of the arrangement of the small vessels in the vascu- 

lar area along the line of closure of the human mitral valve. 
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Nearly all of these vessels in the chordae lie just beneath the 

endothelium. Some, however, are situated in the center of the 

chordae. 

The chordae tendineae of the pig's heart have an abundant sup- 

ply of blood vessels. As these have not been previously described, 
they are shown here in the following photographs (figs. 5 and 6). 

Fig. 4 Photograph of the blood-vessels in the chordae tendineae of the 

pig’s heart, after injection with carmin gelatin. In the human heart, only 

rudiments of this abundant vascularity are demonstrable. 

Semilunar valves 

The blood-vessels of the aortic and pulmonary valves arise 

from two sources, one of which is the vasa vasorum of the ar- 

teries, the other the vessels of the auricular endocardium.  In- 
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jections of the semilunar valves were successful in only three 
normal hearts. The pulmonic were more easily injected than 

the aortic, due to the fact that the insertion of the cannulae into 

the sinuses of Valsalva compresses the blood-vessels of the 

Fig. 5 Injected blood-vessels in the chordae tendineae of the pig’s heart. 

aortic valves. A drawing made upon a photograph of a specimen 

of an injected pulmonic valve is shown in figure 7. In this, the 

few delicate vessels which, arising from the vasa vasorum where 

the cusps are attached to the wall of the artery, penetrate the 
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valve for a short distance along its line of closure are not shown. 

The vessels going to the valve from the auricular endocardium 

form a hedge-like plexus in the base of the cusp and from this 

plexus delicate vessels pass upward for a distance of about a half 

of the extent of the valve. No vessels were seen in the thin 

central portion of the valve or in the noduli Arantii. 

Fig. 6 Drawing made upon the photograph of a specimen of human pul- 

monic valve injected with carmin gelatin. This shows that vessels penetrate 

the semilunar valves from all sides and reach almost the center of the valve. 

SUMMARY 

The studies may be summarized as follows: 

1. By the injection of carmin-gelatin under pressure of 160-— 

190 mm. Hg. into the coronary arteries, blood-vessels are de- 

monstrable in the valves of the normal human heart. 

2. The atrio-ventricular valves receive distinct branches from 

the annular divisions of the coronary arteries. These vessels 

pass into the valves at the thickened regions above the inser- 

tion of the chordae tendineae and ramify chiefly along the line 

of closure of the valves. Arteries, veins and an anastomosing 

capillary bed are recognizable in these locations. 
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3. The chordae tendineae receive a few small arterioles from 

the vessels of the papillary muscles. These traverse the chordae 

tendineae chiefly beneath the endothelium covering these 

structures. 

4. The semilunar valves receive a definite blood supply from 

the vasa vasorum of the pulmonary artery and aorta and from 

the endocardial vessels of the auricles. 

5. These vessels afford a definite anatomical basis for the 

conception that endocarditis may be embolic in its origin. 
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PLATE 1 

Semidiagrammatic drawing made by Mr. Max Brédel based upon several 

specimens, giving a composite picture of the typical vascular anatomy of a 

completely injected human mitral or tricuspid valve. Enlarged X 6.5. 
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CHONDRIOSOMES IN THE CELLS OF FISH-EMBRYOS 

J. DUESBERG 

Carnegie Institution, Department of Embryology, Baltimore 

EIGHT FIGURES 

Since Meves’ (08) discovery of chondriosomes in the cells 

of the chick-embryo, these cytoplasmic elements have been found 

in the embryonic cells of other birds, of mammals and of am- 

phibians among the vertebrates, and of insects, of worms and of 

ascidians among the invertebrates. The only description of 

similar structures in embryos of the lower vertebrates (1.e., 

fishes) has been given by Aunap (13), in his paper ‘‘ Ueber die 

Chondriosomen der Gonocyten bei Knochenfischen.”? Aunap, 

as the title of his paper indicates, was especially concerned with 

the study of the primordial germ-cell. His purpose was to find 

out whether, in Coregonus maraena, as Rubaschkin (710) and 

Tschaschin (710) had described for mammals and birds respec- 
tively, the chondriosomes of these cells were granules—a point 

to which Rubaschkin was inclined to ascribe great theoretical 

importance. Confirming the above mentioned authors, Aunap 

found only granules in the primordial germ-cells. In the other 

cells of the germinative epithelium, however, as well as in the 

epithelium of the intestine, of the neural tube, and of the Wolf- 

fian ducts, filaments were present. In younger stages (1.e., in 

the blastomeres), Aunap found granules exclusively. 

I have had the opportunity of extending these observations 

by the study of embryos of several species of fishes: the white 

perch (Morone americana), the yellow perch (Perca americana), 
the rainbow trout (Salmo irideus) and Fundulus heteroclitus. 

The first three of these were obtained through the courtesy of 

the United States Bureau of Fisheries from the hatcheries at 

Havre-de-Grace, Maryland, and White Sulphur Springs, West 

Virginia. For Fundulus, I am indebted to the Biological Lab- 
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oratory of Woods Hole, Massachusetts and I am glad I have this 

opportunity of expressing to Professor F. R. Lilie my gratitude 

for his kind hospitality. The results obtained were practically 

the same for all species; unless otherwise stated, my description 

will refer to Fundulus. My material consisted of embryos of 

this fish of various stages from that of nine hours after dry 

fertilization up to the ninth day. To Professor Stockard I am 

indebted for a demonstration of this procedure of fertilization. 

Specimens of all stages, up to hatching, of both kinds of the 

perch and of the trout were also procured. My series are un- 

fortunately incomplete, for I experienced at first many difficul- 

ties in obtaining good preparations; these troubles were over- 

come only when most of the material! was used up. 

The fixatives employed were first, the mixture of formol- 

bichromate after Regaud, secondly, Benda’s fluid and several 

modifications of it. 
After treatment with Regaud’s fluid, a good number of the 

embryos of all species mentioned showed excellent preservation 

of the chondriosomes, but even then, they could hardly be used 

for an embryological study. This difficulty is proport*onally 

greater in the younger embryos. The outlines of the different 

organs are usually poorly defined. Some tubular organs (the 

intestine or the Wolffian ducts, for example) shrink considerably 

in many specimens. The limits of the cells cannot, for the 

most part, be distinguished at all, even in those cases in which, 

after fixation with Benda’s fluid, they appear as plainly as they 

do between the epidermic cells, as represented in figure 2a. 

The yolk has a great tendency to swell and consequently to 

dislocate the cell-structure,—a phenomenon which I had _ al- 

ready experienced (cf. Duesberg, ’15) and which I observed again 

this summer, in dealing with ascidian-embryos. In these, the 

swelling of the yolk is especially noticeable in certain stages and 

in certain cells. 

The technical results obtained on these fish-embryos seem to 

be, within certain limits, independent of the respective duration 

of action of the formol-bichromate mixture and of the bichromate 

solution subsequently used, provided the total duration of ac- 
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tion be not too short; excellent fixation of the chondriosomes was 

obtained in one case (lot 38) after six days in formol-bichromate 

and six days in bichromate, while in another case (lot 39) simi- 

lar results were obtained after one day in formol-bichromate 

and eight days in bichromate. The preservation of the material 

was not affected by leaving the embryos in a cloudy formol- 

bichromate solution or by changing the solution each day. 

Although Regaud’s fluid is supposed to penetrate better than 

Benda’s, a number of embryos fixed in the former showed the 

chondriosomes well preserved in the outer layers and very poorly 

in the chorda. The jelly surrounding. the eggs of many fishes 

(as in the perch) proved to be an insurmountable obstacle to 

good fixation. Poor preservation of the chondriosomes is in- 

dicated, as I have shown (710, 2), by the breaking of filaments into 

granules, the swelling of granules and their transformation into 

vesicles. 

Eggs of both kinds of perch and of Fundulus were fixed in the 

regular Benda’s mixture (1 per cent chromic acid, 15 cc.; 2 per 

cent osmic acid, 4 cc.; acetic acid, 2 drops, in some cases, none 

at all). Eggs of trout were preserved in the same mixture and 

also in the following modifications of it: 

(1) 0.5 per cent chromic acid + 1 per cent NaCl.............. 5Nce 

ZS PCLACEMTROSINC, ACIGS eas eRe: ait eta oe ata eee 4 ee. 

PNCOULEMACLU Ch coer eee cs ccna iy ee Area a ee One ee 3 drops 

which is the formula proposed by Meves (’08) for the chick-embryo. 

(Cope Grid) ab.. ...\ eet etd eho, cee Bios hte Pe AM ng unseen ie, cae ee ne two parts 

NaGlalh pericent. aqua... create kad atti Seok eetke cee one part 

(3) Benda 
: ST Re eee ae es eo ee ee ee. ECLA Up anes 

Locke’s solution | eekly 

(4) 0.5 per cent chromic acid + 0.5 per cent urea............. 15 ec. 

PADELE COI (OSUILCHAGCT Gera mers ietaee Pent iwe ce cee aerate 4 ce. 

INCE TIC ACIGE Rc Metre aati: Dare Ror hk Leet 3 drops 

the addition of urea being suggested by a recent paper of Allen (716). 

All these mixtures were used with approximately the same 

results. Chondriosomes are fixed, as is well known, only in the 

peripheral layers, but the general preservation of the embryo is 

excellent. The cell-limits are very conspicuous. 
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Irrespective of the fixative employed, one may notice in 

Fundulus embryos as young as two days, that occasionally and 

quite independently of the penetration of the fixative, the 

chondriosomes in the different tissues are not equally well pre- 

served. I have repeatedly found, for instance, that the chon- 

driosomes of the intestinal epithelium, or of the blood-corpuscles, 

were well fixed, when no chondriosomes at all could be seen in 

the neighboring cells. I should consider this an indication that, 

already in these early stages, a differentiation of the chondrio- 

somal substance has taken place in the different tissues. It was 

found furthermore that some difference in the chondriosomes 

exists between the posterior and the anterior part of an embryo 

(as also between the regenerated and the regenerating part of the 

tail of a triton), as it very often appeared necessary to carry the 

differentiation of the stain to different degrees depending on the 

part desired for study. 

Besides a few trials on Fundulus with a vital dye, Janus- 

green, which gave successful stains only in the epidermic cells 

(these experiments were, however, not carried very far), three 

stains were resorted to,—iron-haematoxylin, Benda’s  sulfali- 

zarin-crystall-violett and acid fuchsin-methylgreen. The first 

named gives occasionally very good preparations. The second 

one gave no useful preparations whatever when applied after 

Regaud’s fixation, and only very few good ones (two or three on 

some 150 embryos) with the material fixed in any of the chrom- 

osmic mixtures mentioned above. A similar experience was 

met with when it was attempted to stain the testicle of a fish, 

after fixation in Benda’s fluid. These technical difficulties were 

not due to the staining reagents, for the same set, applied to a 

familiar object (the mammalian testicle) worked perfectly; it 

was finally discovered that nothing was wrong with the material 

either, for, to my great surprise, acid fuchsin-methylgreen gave 

excellent preparations. From this, two conclusions may be 

drawn, interesting enough, in my opinion, to Justify this narra- 

tion of my experience: the first one is that on a given material, 

one chondriosomal stain may give satisfactory preparations 

when the other does not; and the second one, still however 
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hypothetic, is that fish-tissue is, for some reason, refractory to 

Benda’s stain. 

The fuchsin-methylgreen stain was used according to Cow- 

dry’s description (716, 2), except that the use of a 10 per cent 

solution of fuchsin in anilin-water proved as satisfactory as the 

usual 20 per cent solution. Furthermore, I stained in a flat- 

bottomed evaporating dish, instead of staining on the slide. My 

way of proceeding is cleaner and more economical than the 

other way, and, what is more important, this method gives a 

perfectly regular stain all over the slide. 

After either fixation, I was unable to cut sections 5 w thick 

through the whole embryo. The yolk-sac had to be removed— 

an easy procedure during the first twenty-four hours and after 

the third day, but a rather difficult one during the intermediate 

period. 

I shall continue to use the nomenclature to which I came 

back in my last paper (’15): mitochondria (granules), chondrio- 

conts (filaments), chondriosomes (general term). This nomen- 

clature is based exclusively on morphology; it does not lead to 

any confusion with other terms and it is already the most widely 

adopted. 
In a review recently published, Cowdry (716, 1) advocates the 

use of the term ‘mitochondria’ in a general sense. 

American investigators, writes Cowdry (p. 424), have with few ex- 
ceptions from the beginning employed the term ‘mitochondria,’ ex- 
clusively, recognizing well that the same material, under different 
conditions, may assume special forms. Even the word ‘mitochondria’ 
leaves many things to be desired, but it is in general use, it is de- 
seriptive of mor phology only and it does not commit the user to any 
hypothesis of the functional significance of the material in question. 
True, we cannot use the name in the exact sense that Benda, who in- 
troduced it, used it, any more than we can employ the term ‘cell with 
anything like its original meaning. Yet no one would invite us to 
give up the word cell and to substitute a new and more appropriate 
term in its place. 

To this, I take the liberty of making the following remarks. 

The term ‘mitochondria,’ in Cowdry’s sense, is not in general 

use even in this country; if the nomenclature must be based on 

THE AMERICAN JOURNAL OF ANATOMY VOL. 21, NO. 3 
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morphology, one should, to be logical, reject ‘mitochondria’ as a 

general term, for ‘mitochondrium’ means granule and cannot in 

consequence mean filament. The analogy with the term ‘cell’ 

is not adequate, for, though this word is not appropriate, it is, 

however, generally adopted; and it should not be forgotten that 

the invitation to use a term in a different sense than its original 

meaning comes in this case precisely from those who want to use 
‘mitochondria’ as a general expression. 

Confusion in the cytological nomenclature is due mainly to - 

two causes. One of these causes is that the same things have 

often been described under different names, without the authors 

being aware that they were dealing with the same structures; 

recent papers, especially those of Meves, have cleared, or should 

have cleared the situation very much, if it were not for the 

fact that they are too often ignored or misunderstood, (we 

know, for example, that many of the things which have been 

described under the name of plastidules, Nebenkern, bioblasts, 

microsomes, etec., are chondriosomes). Another cause of con- 

fusion in the nomenclature has been the creation of new terms, 

under which heading falls the use of the expression ‘mitochon- 

dria’ in a general sense. ‘This, however, is a defect of human 

nature, not a defect special to the cytologist, and against which 

we are helpless. As an example of the overcrowding of every 

field in anatomy with synonyms, I simply refer to a recent ar- 

ticle by Rabi (16), in which the nomenclature used in the de- 

scription of the first stages of the development of the embryonic 

shield of birds and mammals is exposed. 

My observations made on the blastomeres of Fundulus 

(nine hours after fertilization) agree with those of Aunap on 

Coregonus: mitochondria exclusively are found in this stage. 

The granules are scattered throughout the cell-body, but are 

"especially accumulated along the cell-limits. No change in 

shape is observed during mitosis, nor is there any special dispo- 

sition in the dividing cell, other than the usual, accumulation 

between the daughter-nuclei during the ana- and telophases. 

The marginal cells deserve special mention, for they are, as well 
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as 1s the periblast, remarkably rich in mitochondria. This tact 

accounts undoubtedly for the special coloration of these cells,— 

a phenomenon which students of the segmentation of the fish- 
egg have mentioned; Agassiz and Whitman (’84) have already 

described, in Ctenolabrus, differences between the staining prop- 

erties of the central and the marginal cells, and later Kopsch 
(01) expressly mentioned a ‘‘dunklere Firbung der Randseg- 
mente” in Belone acus. 

Figure 1 represents a cross-section (the 37th,—5 » thick— 

from the posterior extremity) of an embryo of Fundulus, fixed - 

in Regaud (lot 38) and stained with acid fuchsin-methylgreen. 

The embryos of this lot were fixed three days after fertilization 

but are perhaps, judging by the rather scarce data I could find 

in the literature, somewhat more advanced than the average; 

I counted in them 28-30 somites and the Kupffer’s vesicle had 

disappeared.t. Figure 1 shows the epiderm, the nervous sys- 

tem, the somites, the chorda, a blood-vessel with a few blood- 

corpuscles and the periblastic layer (unfortunately broken in one 

place) with its nuclei and two pigment-cells. A very marked 

change has taken place in the structure of the cells. Few mito- 

chondria and more numerous chondrioconts are found now, and 

the same holds true throughout the whole embryo, the end-bud 

included. On the whole, from the cytological standpoint, such 

a preparation resembles very closely similar preparations of 

chiek-embryos of about the same age; there are perhaps (but 

this is a detail of minor importance) a larger number of loops 

and circles in the fish-embryo. These circles are not to be con- 

fused with the vesicles found in poorly fixed objects. Owing to 

the lack of material, I cannot tell how this change took place; 

I am unable to decide whether these rods were formed by mere 

elongation of the mitochondria observed in the blastomeres, or 

by fusion of these granules, as I have found in the rabbit- 
embryo (710, 1). 

I come now to a somewhat more detailed description of the 

chondriosomes in the different tissues. 

! Shrinkage due to the action of Regaud’s fluid might however, be responsible 

for this. 
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The epidermie cel's of the superficial layer (fig. 2a) contain a 

large number of chondriosomes, most of which are long, curved 

filaments, exhibiting a distinct tendency to run parallel to each 

other, or the surface of the cell or of the nucleus. Such a dis- 

position is of course especially conspicuous in a surface-view of 

the epiderm. Chondriosomes are not so abundant in the cells 

of the deeper layer. Quite remarkable are some large cells 

which I suppose to be the glandular cells of the epiderm, though 

I never saw any indication of a secretion in them. These cells 

have already appeared during the second day, in Fundulus, and 

apparently differentiate from cells of the deeper layer. Up to 

the ninth day, there are found almost exclusively in the ab- 

dominal wall, near the point of reflection of the epiderm on the 

yolk-sac, and likewise on the yolk-sac itself in the same neigh- 

borhood. The groundmass of the protoplasm hardly stains and 

includes within it an enormous number of long chondrioconts. 

This appearance I cannot help comparing to that of a bunch of 

- hair, tied together at the top of the cell and‘then spreading out 

through the whole cell-body. The nucleus floats somewhere in 

the deeper or middle part of the cell between the chondrioconts 

(figs). 
Chondriosomes are also present in the cells of the lens. 

In the central nervous system, each cell contains a few long 

filaments, running parallel to its long axis, and in addition to 

these, there occur shorter elements, usually in the shape of loops 

or circles, at the poles of the nucleus (fig. 1). As in many epi- 

thelia, the basal part of the cells which reach the basement- 

membrane contains usually an accumulation of chondriosomes; 

this accumulation is visible with low power and defines sharply 

the outlines of the organ. In ganglion-cells, the chondriosomes, 

as in the chick-embryo (cf. Duesberg, ’10, 2, fig. 6) are short and 

thin threads, located at one pole of the nucleus. 

The cells of the chorda in young embryos have long chondrio- 

conts (fig. 1). Later, I find granules, but I am unable to ascer- 

tain whether this deeply situated organ was well fixed. 

In mesenchyme-cells, chondrioconts are predominant (gran- 

ules represent most probably the cross-section of filaments). 
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These filaments are of various lengths and are either located 

close to the nucleus or extending into the processes (figs. 5, 6¢ 

and 7a). In Fundulus, the mesenchyme-cells surrounding the 

anterior part of the digestive tract (i.e., those situated close to 

the dorsal wall of the pharynx and in the branchial arches) 

become, during the fourth day, loaded with large granules. 

These granules stain intensively with acid fuchsin, crystall- 

violett and iron-haematoxylin. ‘The same cells contain also long 

chondrioconts (fig. 3). Altogether, they build up a very dense 
layer of tissue. 

Blood-corpuscles contain a few long filaments (figs. 1 and 4a), 

often sharply curved, and usually many shorter ones, in the 

shape of loops or of small circles, accumulated in one or two 

heaps. As soon as haemoglobin is formed in the red corpuscles, 

no chondriosomes are visible—a peculiarity I had noted before 

in the chick-embryo (10, 2). No attempt, however, was made 

with the modification of Benda’s method, which Shipley (’15) 

has devised for the special purpose of staining chondriosomes in 

the red corpuscles. 

Besides ordinary leucocytes, the body-cavities and the tissue- 

clefts in Fundulus hold a peculiar kind of large wandering-cell,’ 

in which the chondriosomes are represented by very thin threads, 

mostly accumulated near the nucleus in dense masses (fig. 4¢). 

The cells of the Wolffian ducts show at their basis an accumu- 

lation of chondriosomes: rods, loops and circles. Long chon- 

drioconts emerge from this accumulation and reach the oppo- 

site pole, where some can be seen to bend and run backward 

toward the basis of the cell (fig. 5). Chondriosomes have al- 

ready been described in the kidney-cells of the adult fish by 

Policard and Mawas (’06, ’09) and by Regaud (’08). 

In Fundulus embryos three days old, I found a striking dif- 

ference between the disposition of the chondriosomes in the 

cells of the anterior and of the posterior part of the digestive 

tube. In the posterior part (fig. 6a), numerous chondriosomes 

are accumulated below the nucleus, which is, so to speak, im- 

* Whether these cells have any relation to the four kinds of wandering cells 

described by Stockard (’15) in the yolk-sac of Fundulus seems rather doubtful. 
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bedded in them. Each cell contains, in addition to these, a 

few long chondriconts which could actually in some cases be fol- 

lowed from the basal accumulation to the top of the cell, and 

from there back to the basis. In the anterior part (fig. 6b), the 

cells are crowded with long, sinuous and rather thin threads, 
which, followed from the inner pole, are seen to circumscribe the 

nucleus and intertwine with each other in the basis of the cell. 

Later, the cells of the branchial region of the digestive tract 

become flattened, covering with a thin sheet the dense layer of 

peculiar mesenchyme-cells described above, and the chondrio- 

conts of these flattened cells run parallel to the surface (fig. 3). 

Further posteriorly (fig. 6c), the disposition of the chondrio- 

somes is very similar to the arrangement in the cells of the ante- 

rior part in the preceding stage, but the cells themselves have 

grown and differentiated a border. There is an accumulation of 

chondriosomes below the nucleus and long chondrioconts are 

found running through the whole cell-body; some of these can, 

by careful focussing, be followed from one end to the other of 

the cell. Whilst a number of these chondrioconts are perfectly 

smooth, others bear swellings, sometimes a regular row of them. 

Besides, the cells contain vacuoles, the content of which could 

not be stained by the methods used, and granules of various 

sizes, stained red in acid fuchsin preparations. Such an intes- 

tine is obviously engaged in an active process of absorption. 

Figure 6d represents part of the intestinal wall of an embryo- 

trout, twenty-four days old. In each intestinal cell, one finds 

two accumulations of chondriosomes, one above, the other below 

the nucleus. Between these masses one may make out long 
chondrioconts which, in some of the cells, bear swellings. Such a 

disposition recalls exactly Champy’s description (11) of the 

chondriosomes in the intestinal cell of higher vertebrates. In 

the adult fish, they have been described by Corti (13) who, in 

Box salpa and in Trinea vulgaris, found a few short chondrio- 

conts and an accumulation of chondriosomes in the distal part 

of the cell of the fasting animal, whilst, during absorption, 

vacuoles appear in the cytoplasm and the chondrioconts seem 

to fall to pieces. I cannot help saying that the scarcity of chon- 
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driosomes and of chondrioconts especially, which Corti repre- 

sents in his drawings, suggests to me imperfect preservation. 

Judging by Aunap’s figure 4, it appears that the disposition of 

the chondriosomes in the intestinal cells of the embryo of 

Coregonus is quite different from what I found both in Fundulus 
and in trout. } 

I have also had the opportunity of making a few observations 

in connection with the question of the primordial germ-cells. 

In embryos of Fundulus of three days and older, I found a 

number of cells, the large size of which attracted my attention. 

At nine days, the last stage I have studied, such cells can be 

made out anywhere in the embryo (some are identified between 

peritoneum and intestinal wall), but most of them are located 

in the anterior region of the trunk, in the mesenchyme which -° 

occupies the space comprised between pharynx and central nerv- 

ous system. Felix and Bihler (06) state that the primordial 

germ-cells of the teleosts are remarkable because of their large 

size and the lightness of their cytoplasm and nucleus. Aunap 

(13) (see also Dodds, ’10) expressly mentions that these cells 

do not contain any special yolk-granules nor centroteka, in con- 

trast to the primordial germ-cells of birds. The cells I find in 

Fundulus have these characteristics and furthermore, no other 

cells were seen which could be considered primordial germ-cells. 

Against their qualification as such, I must, however, mention 

their close connection with the surrounding mesenchyme-cells 

(fig. 7a) or with endothelial cells. This latter connection is so 

frequent that I at first thought these large cells were merely 

endothelial cells seen in a tangential section of a vessel,—an 

idea which for several reasons I was finally induced to drop. 

Such connections have never been mentioned before, but on the 

contrary, the majority of authors expressly state that the pri- 

mordial germ-cells are round or oval, and not stellate, in shape. 

I am unfortunately unable to decide as to the significance of these 

cells, as, at nine days, no genital gland is yet developed in the 

embryo of Fundulus. 

Another point of variation is the difference between the 
chondriosomes of these cells and those described by Aunap in 
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the primordial germ-cells of Coregonus. Aunap found only 

granules; in Fundulus, these cells contain filaments, most of 

them in little heaps and in close relation to the nucleus. Sup- 

posing that these cells are primordial germ-cells and that conse- 

quently a comparison with Aunap’s results is justified, such a dif- 

ference may be explained in several ways: by admitting either 

the existence of specific variations, or a change in the shape 
of the chondriosomes with the evolution of the germ-cell, or, fi- 

nally, the imperfect preservation, in Aunap’s preparations, of 

these deeply situated parts of the body of the embryo. It must, 

however, be added immediately that the question of the shape 

of the chondriosomes in the primordial germ-cells has completely 

lost its importance, since Swift ('14) has demonstrated, con- 

tradicting Tschaschin, that in birds these chondriosomes “are 

not at all characteristic; they resemble the mitochondria of the 

somatic cells (p. 495).” 

Curiously enough, if my findings on these cells of Fundulus 

agree with Felix’s description of the primordial germ-cells of the 

Salmonides, my own observations on Salmonides do not agree 

with that description of Felix. In the rainbow trout, the pri- 

mordial germ-cells, easily recognized as such in the genital 

region, are conspicuous, not only because of the size of the cell 

and of the nucleus, but also. by the presence of peculiar globu- 

lar inclusions. I found in these cells three kinds of bodies: 1) 

fat-droplets, nearly always conglomerated in one large globule 

and located at one pole of the nucleus; 2) granules scattered 

throughout the whole cell; these stain lightly in red in acid 

fuchsin-methylgreen preparations, in pink with Benda’s stain; 

3) very minute mitochondria (fig. 7b). The fat-globule is dis- 

solved after fixation in Regaud and none of these three kinds of 

bodies is preserved in Zenker; this explains perhaps why Felix 

did not see them. In this case, my observations on chondrio- 

somes agree with Aunap’s, except in that the granules he figures 

are larger. Whether the granular form corresponds actually 

to the.form of the chondriosomes in the living cell is hard to 

decide, for the genital region is not easily reached by the fixing 

fluid. 
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Figures 8a and 8b represent sagittal sections of two myo- 

tomes from the same embryo. In both, the dorsal edge is formed 

by cells multiplying actively and moving ventrally to differen- 

tiate into myoblasts. <A frontal section would show the muscle- 

plate and the cutis-plate; the latter, in fishes, persists much 

longer than in birds and mammals. The constitution of the 

muscle-plate is difficult to elucidate. For birds and mammals, 

however, I am of those who believe that the myoblasts are well 

individualized cells; I found (’10, 2) that the distribution of their 

nuclei does not agree with the syncytial theory and I never 

failed to see the cell-limits on cross-sections of embryos fixed 

with Flemming’s fluid or a modification of it (Duesberg, 710, 2, 

figs. 17 and 19). I want to emphasize this viewpoint as opposed 

to that of Huber (’16), who is inclined to believe that, in the 

rabbit, ‘‘the syncytial character of the cells from which the 

voluntary muscle is developing is evident” (p. 168). The rea- 

sons why Huber failed to see the limits of the myoblasts are in 

my opinion obvious: he used longitudinal sections, when only 

cross-sections can give the clue, and he made the sections too 

thin (2 and 3 u thick), for, the thinner the sections, the less con- 

spicuous will the cell-limits appear. I desire to call attention 

also to what I wrote on page 466 about the action of certain fixa- 

tives on the cell-limits. 

I come now to a consideration of the chondriosomes of the 

cells of the somites. In the very young myotomes (i.e., before 

any differentiation of the inner layer has taken place) and later 

in the cells of the dorsal edge and of the cutis-plate, the chon- 

driosomes are for the most part long filaments, which may en- 

tirely cireumscribe the nucleus. Figures 8a and 8b show such a 

disposition very well in the cells of the dorsal edge. 
In the myoblasts, there occur very marked differences in the 

pictures of these cytoplasmic constituents in the stage before as 

compared to that after the development of myofibrils. In the 

first case (fig. 8a), the myoblasts contain very numerous chon- 

driosomes at both ends and also a large number of these bodies 

in the intermediate portion of the cell; these intermediate ele- 

ments are either very long chondrioconts extending to both ends 
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of the myotome, or shorter filaments disposed in longitudinal 

rows. After the appearance of the striated myofibrils, which in 

embryos fixed with Regaud’s fluid are, as fig. 8b shows, very 

difficult to see, nearly all the intermediate chondriosomes have 

disappeared and only the accumulations at both ends of the 

myoblasts persist. 

I do not intend in this paper, to dwell on the topic of the réle 

of chondriosomes in histogenesis. I am preparing an extensive 

study of it, both in normal development and in regeneration. I 

can, however, state now, that all I have seen corroborates the 

conviction I gained from the study of the chick-embryo (’10, 2); 

and such preparations from the fish-embryo as I just described, 

without being conclusive, are certainly in favor of my opinion. 

Hence, a discussion of the bibliography more naturally belongs 

to this next study; I take, however, the liberty of making the 

following remark about a recent paper by M. R. Lewis (717)*. 

M. R. Lewis found, that in tissue-cultures of connective-tissue 

cells, there appear fibers with the differentiation of which chon- 

driosomes have seemingly nothing to do. To draw,. however, 

from such observations any conclusions extending to the nor- 

mally developing embryonic tissue, in which the nature of the 

differentiations are beyond doubt, seems to me hardly legiti- 

mate. The results which Baitsell (’15) obtained, show how care- 

ful we ought to bein our interpretations. 

I come now to a consideration of the behavior of the chondrio- 

somes in dividing cells. 

In his first paper on the chondriosomes of the chick-embryo, 

Meves (’08) came to the conclusion that, in contradistinction 

with what frequently appears to be the case in the spermato- 

cytes of invertebrates, 

der Ablauf emer Mitose scheint auf das Verhalten und die Lagerung 
der Mitochondrien und Chendriokonten giinzlich ohne Einfluss zu 
sein. Die Mitochondrien erhalten sich wihrend der Teilung als solche 
und nehmen keine besondere Anordnung an; ebenso bleiben auch ‘die 
Chondriokonten unregelmissig durch den Zellleib verteilt (p. 840). 

3 Which I was enabled to read in the proofs, through the courtesy of Mrs. 

M. R. Lewis. 
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Both Meves (710, 1) and I (10, 2), independently, reported 

later that certain changes may occur in the chondriosomes dur- 

ing the division of the embryonic cell of the chick, especially in 

later stages than those first studied by Meves. The chondrio- 

somes are very often found, during the ana- and telophases, 

accumulated between the daughter-nuclei, whilst their shape, 

size and number appear to have changed during the mitotic pro- 

“cess (cf. Meves, p. 154 and Duesberg, p. 616-617). Such modi- 

fications exist also in the dividing cells of the fish-embryo. The 
accumulation of chondriosomes between the daughter-nuclei 

has been mentioned above, in connection with the description 

of the blastomeres of Fundulus, and the phenomenon is well 

illustrated by the dividing blood-corpuscles represented in 

figure 4b. The same figure shows also the longer filaments con- 

tained in the blood-corpuscles broken to pieces during mitosis. 

Both processes result obviously, as Meves and I (loc. cit.) have 

indicated for the chick, in an apparently equal repartition of 

the chondriosomal substance between the daughter-cells. 

Concerning their studies of the chondriosomes in the dividing 

cells of the chick-embryo in tissue- Caan Ma Revand: WA. 

Lewis (715) write: 

Many cbservers believe that the mitochondria form a palisade about 
the spindle during late anaphase and then divide and one-half of each 
mitochondrium passes to each daughter-cell (Benda, Meves, Duesberg, 
etc.) (p. 365). . . . .. A study of the fixed specimens seems to 
show that the mitochondria retain somewhat their original character 
and shape during mitosis. They are however almost always shorter 
and more scattered through the cytoplasm. than in surrounding cells. 
ae There is no indication in the fixed specimens of any ar- 
rangement of the mitochendria about the spindle in such a manner 
that they would undergo division into two parts in the plane of cleay- 
age of the dividing cell. On the other hand, all of our specimens seem 
to show that the mitochondria tend to become more ev enly scattered 
through the cytoplasm during division, and those that happen to be 
on either side of the cleavage plane are carried into the respective 
daughter-cells (p. 366). 

The same description is repeated on page 371 in connection 

with the living cell and the authors add: “‘A division of mito- 

chondria such as observed by Meves (’08) and Duesberg (’10) 
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was never observed. We find as did Buchner that this charac- 

teristic arrangement of the mitochondria during division of the 

cell is by no means a constant occurrence.”’ 

Disregarding the fact that Buchner is no authority whatever 

on these matters and that in his first paper (08) Meves does not 

mention any division of chondriosomes, I want to emphasize the 

fact that I never have considered the division of chondriosomes 

as a general process. M. R. and W. H. Lewis, however, weré 

obviously under that impression, though their very observations 

on the behavior of the chondriosomes during mitosis in tissue- 

cultures of the chick-embryo agree very well with mine on fixed 

preparations of the same material. In fact, I have described all 

possible processes in the dividing cell, the observations being 

made on various objects. That the chondriosomes may dispose 

themselves in a palisade of rods around the spindle, to be sepa- 

rated into equal parts during the division of the cell, is evident 

in the spermatocytes of many invertebrates and especially in 

Blaps (ef. Benda, ’99 and Duesberg, 710, 3). In the spermato- 

gonia of Triton, however, I observed a very different process, 

inasmuch as some of the chondrioconts were seen to pass undi- 

vided to one daughter-cell (10, 3, fig. 46), exactly as I had 

already figured the phenomenon for the chick-embryo (710, 2, 

fig. 8). Finally, in Ciona, still another process takes place,—a 

constantly unequal repartition of the number of chondriosomes 

between the daughter-cells.‘ 

Summarizing our knowledge of the behavior of the chondrio- 

somes during mitosis, I come to the conclusion that cells may be 

divided into two categories: those in which the chondriosomes 

‘ Relating her observations on the normally fertilized egg of the sea-urchin 

(Strongylocentrotus lividus), Danchakoff (’16) writes (p. 583): ‘‘The sector of 

the radiation known as the spindle seems to be formed by the substance of the 

plastosomes (M. Lewis, Robertson), or archoplasm (McClung), and consists of 

uniform thin threads.’’ To this, I take the liberty of objecting on the following 

grounds: 1) that Lewis and Robertson (716) do not mistake the chondriosomes 

for the spindle; 2) that the relationship between the spindle and the chondrio- 

somes has been established by Benda, as early as 1899; the long chondrioconts 

he found in Blaps surround the spindle, sometimes very closely, but do not form 

its substance; 3) that, in the egg of the sea-urchin, the chondriosomes are not 

filaments, but granules (Meves, 712). 
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are equally, and those in which the chondriosomes are unequally 

divided between the daughter-cells. To the first category be- 

long apparently some somatic cells and obviously the male 

germ-cells. The equal repartition of the chondriosomes is ob- 

tained in one of three ways: first, by the formation of rods, or 

rings, and their bipartition (a most interesting case has been 

recently described by Wilson—1916—in the Arizona-scorpion) ; 

secondly, by the scattering of the chondriosomes through the 

body of the dividing cell, and, finally, by the attribution of an 

equal number of bodies of the same shape and size to each daugh- 

ter-cell (Sokolov, ’13). In the male germ-cell, any one of these 

processes may lead, as I pointed out in 1907, to a reduction of the 

quantity of chondriosomal substance in the spermatids, an opinion 

which the observations of Sokolov and: of Wilson—on the Ari- 

zona-scorpion—clearly corroborate. 
A constantly unequal repartition of chondriosomes during 

mitosis is especially obvious in the ascidian-embryo. Such a 

behavior is, in my opinion, just as interesting as the phenome- 

non of the equal repartititon: it illustrates beautifully the im- 

portance of the division of the protoplasm. There is a sug- 

gestion that an analogous process takes place in certain male 

germ-cells, as, for example, in Myxinoids (A. and K. E. Schreiner, 

08: see however, the reservations I made, 712, p. 683), or per- 

haps in the California-scorpion (Wilson, 716). If this were 

confirmed, I could only recall that I have already propounded the 

question (712, p. 683) as to whether such a constantly unequal 

repartition of chondriosomes between the spermatids may not 

lead to the formation of two kinds of spermatozoa of different 

physiological value. 
I will conclude this paper with a few considerations on the 

structure of the protoplasm. 
From his observations on the centrifuged eggs of Crepidula, 

Conklin (17), comes to the interesting conclusion that the 

ground-substance of the protoplasm, i.e., the protoplasm minus 

‘microsomes, mitochondria, as well as yolk, oil and other inclu- 

sions,” is formed of two parts, one more fluid part (enchylemma, 

alveolar substance, paramitome, hyaloplasm, trophoplasm) and 
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one more solid part (reticulum, interalveolar substance, mitome, 

spongioplasm, kinoplasm). This second part, viscid and elastic, 

may be stretched and distorted by centrifuging, but it is capable 

of recovering its normal form afterward. It forms a framework 

running through the cell and connecting the nucleus and centro- 

some or centrosphere, with a peripheral layer surrounding the 

entire egg. This framework is the seat of the polarity and 

pattern of organization of the cell; it holds the cell-organs, es- 

pecially the centrosphere and the nucleus, in a definite relation 

to each other and to the cell-axis—it prevents the complete 

stratification of cell-substances into sharply marked zones ac- 

cording to their specific weights.. The substance of this frame- 

work is probably identical with the ‘ground-substance’ of Lillie, 

though in Crepidula it constitutes a relatively small part of the 

cell-contents and, in Conklin’s opinion, does have ‘‘a filar, 

reticular or alveolar structure.” 

The chef and real interest of Conklin’s observations lies, in 

my opinion, in the fact that they might afford an explanation 

of the behavior of centrifuged eggs in further development. 

They show the existence in the ground-substance of the egg, 

of a special, firm architecture, which determines, or helps to 

determine the polarity.» Whether, however, from these ob- 

servations on the egg-cell, general conclusions may be drawn, is 

another question: the egg is not of a simple, but of a compli- 

cated cytoplasmic structure. It must not be inferred that I 

intend to deny the existence of zones of different consistence, 

of a special repartition of gels and sols in other cells; their exist- 

ence can be deduced from the study of fixed material and is cor- 

roborated by the experiments of microdissection. But the same 

experiments show that the consistence of the different parts of 

the cell-body changes during the life of the cell, and the study 

of fixed material teaches that a centrosphere, for instance, may 

not exist, as such, in a young cell, and yet may differentiate 

later,—a view which is supported by the occasional incor- 

> Concerning connections between asters and egg-periphery, see Van Beneden 

and Neyt (’87). 
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poration within its substance, of other cell constituents, like 
chondrioconts. 

With the recognition that zones of different consistence may 

exist in a cell, the question of the structure of protoplasm is far 

from being exhausted. My view of the problem is the follow- 

ng. Protoplasm appears to me to be composed essentially of 

two substances, a ground-substanece and the substance of the 

chondriosomes. The ground-substance may show, as stated 

above and emphasized by Conklin’s experiments, zones of dif- 

ferent density; one of these is the centrosphere. It may further- 

more include within it fat or oil, yolk, etc., and, under special 

experimental conditions, harbour some of the vital dyes. A 

special structure may develop in the ground-substance, in con- 

nection with the centrosphere, mainly during mitosis. Whether, 

however, it has any other structure, such as a reticulum or an 

alveolar system, as conceived by Butschli, seems to me to be ex- 

tremely doubtful, notwithstanding the appearances in fixed 

preparations. My opinion is based mainly on the movements of 

the cell-constituents, and especially of the chondriosomes,— 

movements, the occurrence of which may be safely deduced from 

the study of fixed preparations and which are demonstrated by 

the direct observation of the living cell. I agree in this con- 

nection with Lillie (06), whose microsomes are, in part at least, 

mitochondria, and with M. R. and W. H. Lewis (’15). One 

might object that the movements described by these latter are 
exaggerated by the special conditions to which the cells are sub- 

jected in tissue-cultures; but it suffices that such movements are 

possible. One should furthermore be reminded, in connection 

with the question of the structure of the ground-substance, of A. 

Fischer’s experiments and of the criticism to which Butschli’s 

alveolar theory has been submitted from the standpoint of 

physico-chemistry, namely by Pauli (’02).® 

6 From this, one will easily understand why I cannot consider as adequate the 

term ‘spongioplasm,’ with which Conklin designates the more solid part of the 

ground-substance. Concerning especially the comparison he makes between his 

spongioplasm, and, on the other hand, Flemming’s mitome and, to a certain ex- 

tent, Boveri’s archoplasm, I recall that it has been demonstrated that part of 

Flemming’s mitome (Meves, ’10, 2) and Boveri's archoplasmic granules in the 

egg of Ascaris (Meves, 714) are chondriosomes. 
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Of the bodies incorporated in the ground-substance, only the 

chondriosomes, in addition to the centrioles, can be and should 

be considered of general significance. Chondriosomes are in 

fact constant and normal constituents of the protoplasm and 

it is precisely the result, quite expected, by the way, of the 

present investigations, to show that the structure described in 

other groups of animals exists also in fishes, and to allow 

another step toward the demonstration of its ubiquity. The 

forms of the chondriosomes are various and changeable, though 

hardly to the extent that one might perhaps be led to believe 

from the observations of M. R. and W. H. Lewis (15) on cells 

in tissue-cultures. To the student of the male germ-cells, for 

instance, it becomes obvious that these changes in the chondrio- 

somes are dependent upon certain definite factors and proceed 

in a definite direction. Of the chemistry of the chondriosomes we 

begin to have some knowledge: I refer the reader to the valuable 

summary of that question given by Cowdry (716, 2) in a recent 

article. Finally, I am aware that my views in regard to the sig- 

nificance of chondriosomes are far from being generally accepted, 

but I fail to see how anybody could deny the importance of these 

cytoplasmic constituents. The recent tendency to investigate 

the problem from the experimental side should, in my opinion, 

prove very valuable in helping to solve some important aspects 

of the subject. 
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PLATE I 

EXPLANATION OF FIGURES 

All figures were outlined with a Zeiss camera-lucida, at the level of the stage 

of the microscope. Lens used: Zeiss apochromatic immersion 2 mm., 1, 40. 

Artificial light (gas). 

1 Transverse section of an embryo of Fundulus, three days old. Fixation: 

Regaud; stain: fuchsin-methylgreen. Ocular 4. P, pigment cells. 

2a Surface view of an epidermic cell (upper layer) of an embryo of Fundulus, 

nine days old. Fixation: Benda (without acetic acid); stain: fuchsin-methyl- 

green. Ocular 8. 

2b Epiderm of an embryo of Fundulus, nine days old: perpendicular sec- 

tion. Two layers of cells and glandular cell. Fixation: Regaud; stain: fuchsin- 

methylgreen. Ocular 12. 

3 Section perpendicular to the epithelium of the branchial region in an em- 

bryo of Fundulus, nine days old. Pharyngeal epithelium and peculiar mesen- 

chyme-cells. Fixation: Regaud; stain: fuchsin-methylgreen. Ocular 12. 
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PLATE 2 

EXPLANATION OF FIGURES 

4a Blood corpuscle, embryo of Fundulus three days old. Fixation: Regaud; 

stain: fuchsin-methylgreen. Ocular 12. 

4b From the same embryo: anaphase of the mitosis of a blood corpuscle. 

Ocular 12. 

4c Wandering cell from peritoneal cavity, embryo of Fundulus, nine days 

old. Fixation: Benda (without acetic acid); stain: fuchsin-methylgreen. Ocu- 

lar 8. 

5 Cross section of a Wolffian duct, with neighboring mesenchyme-cells, of 

an embryo of Fundulus, three days old. Fixation: Regaud; stain: fuchsin- 

methylgreen. Ocular 8. 

6a Posterior part of the intestine of an embryo of Fundulus, three days 

old. Fixation: Regaud; stain: fuchsin-methylgreen. Ocular 12. 

6b Anterior part of the intestine of the same embryo. Ocular 12. 

6c Intestine of an embryo of Fundulus, nine days old. Fixation: Regaud; 

stain: fuchsin-methylgreen. Ocular 12. 

6d Intestine of an embryo of Trout, 24 days old (the other embryos of the 

same lot hatched two days later). Fixation: Benda; stain: Benda. Ocular 12. 

cog 
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PLATE. 3 

EXPLANATION OF FIGURES 

7a Supposed primordial germ-cell with adjacent mesenchyme-cells, in an 

embryo of Fundulus, nine days old. Fixation: Regaud; stain: fuchsin-methyl- 

ereen. Ocular 12. 

7b Primordial germ-cell in an embryo of Trout, 24 days old. Fixation: 

Benda; stain: fuchsin-methylgreen. Ocular 12. 

8a Sagittal section of a myotome, the fourteenth from the posterior extrem- 

ity, in an embryo of Fundulus, three days old. The dorsal edge is turned be- 

low, the posterior edge to the left. Fixation: Regaud; stain: fuchsin-methyl- 

green. Ocular 8. 

8b From the same embryo, a myotome, cephalad to the preceding. Same 
orientation. Ocular 8. 
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