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ON THE STRUCTURE, MICRO-CHEMISTRY AND DEVELOP-
MENT OF NERVE CELLS, WITH SPECIAL REFER-

ENCE TO THEIR NUCLEIN COMPOUNDS*

(Reprinted by permission from the Transactions of the Canadian Institute, i8g8-gg.

)

The finer structure of the nerve cell has attracted a great deal of at-

tention in the last few years, chiefly because the cell body contains

masses that have a peculiar affinity for certain nuclear stains. These
masses were first observed in 1882 by Flemming,^ who was not certain

whether they wefe nodular thickenings of the ordinary protoplasmic

fibrillar or independent structures. His preparations, however, were, for

the most part, from material that had been fixed in chromic or osmic

acid, and stained in haematoxylin or carmine, and for this reason the

bodies in question did not exhibit any distinctive staining properties.

It was reserved for Nissl" who examined the cells of the cerebral cortex

of mammals after fixation in alcohol and staining in basic aniline dyes,

to show that these bodies stain differently from the remainder of the

cell protoplasm, and in fact resemble in this respect the large nucleolus.

For this reason these structures are commonly called Nissl granules or
" Schollen." Some observers have employed other names, such as

tigroid bodies, chromophile corpuscles, basophile or basic substance,

cytoplasmic chromatin, etc.

The variable form exhibited by nerve cells from different sources with

respect to these granules makes the selection of a suitable name based

on morphological data difficult, but for the purposes of this memoir as

* A short account of some of the racts recorded here was given for me by Prof. Macallum before the

Fourth International Physiological Congress, Cambridge, 1898, and the British Medical Association,

Edinburgh, 1898. See Journal of Physiology, XXHI, supp. p. 33, and British Medical Journal, September
17th, 1898.

1 Flemming, W., " Vom Bau der Spinalganglienzellen," Festgabe fiir J. Henle, p. 12, 1882.

Also: " Zellsubstanz, Kern and Zelltheilung," p. 41, 1882.

2 Nissl, Fr., " Ueber die Untersuchungsmethoden der Grosshirnde," Tagebl. der Versammlung deutscbr

Naturforscher, Strasburg, p. 506, 1885.
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far as it pertains to the nerve cells of adults, the name of Nissl granules

will suffice. It will be shown later that this name, in some cases at least,

implies an incorrect inference as to the mode of occurrence of the

chromophilous substance in the cell.

The chemical properties of the Nissl granules have been studied by

Held,' Eve,^ Mackenzie,^ Blihler* and others. Held found the granules

were soluble in dilute alkalies, did not digest in pepsin and hydrochloric

acid, were not acted on by acids and gave no reaction with Millon's

reagent, Adamkiewicz's or the xanthoproteic tests. Held, however,

obtained a positive reaction for phosphorus b}' the employment of

Lilienfeld and Monti's test for that element. He concluded from these

reactions that the Nissl granules were of a nucleo-albuminous nature.

Eve, however, was doubtful whether the granules were really dissolved

in the alkali or were merely altered in their staining powers
;
and found

that after treatment with acids or salt solutions, the granules stain more

diffusely. Biihler found the granules were soluble in salt solutions as

well as in alkalies. It has recently been observed that nuclear chromatin

gives with the Millon reagent a definite reaction, and Macallum^ has

shown that the reaction of Lilienfeld and Monti does not differentiate

the phospho-molybdate, formed by the combination of the molybdate

employed and the phosphorus of the cell, from the ammonium molybdate

which has simply been absorbed and retained.

The only undisputed evidence, therefore, adduced by Held in favour

of the nucleoproteid nature of these granules is their resistance to

digestion. His conclusion is, however, further supported by the obser-

vation of Mackenzie who obtained, after treatment with acid alcohol, a

reaction for iron in the granules.

In the present research the micro-chemistry of the nerve cell has been

reinvestigated by the more recent methods and the results indicate that

Held's conclusion is correct, although, as we have seen, based on insuf-

ficient grounds.

3 Held, Hans, " Beitragre zur Structur der Nervenzellen und ihrer Fortsatze."

Erste Abhandlung, Archiv. f Anat. u. Phys., Anat. Abth., p. 396, 1895.

Zweite Abhandlung, ibid, p. 204, 1897.

4 Eve. F. C, "Sympathetic Nerve Cells and their Basophil Constituent in Prolonged Activity and

Repose," Journal of Physiology, XX, p. 334, 1896.

5 Mackenzie, J. J.,
" Investigations in the Micro-chemistry ot Nerve Cells," Report British Assn.,

Toronto Meeting, p. 822, 1897.

6 Biihler, Anton, " Untersuchungen iiber den Bau der Nervenzellen," Verhandlungen der Phys.

Med. Gesell. zu Wiirzburg, XXXI, p. 285, Verlag von Stahel, 1898.

7 Macallum, A. B., "On the Detection and Localization of Phosphorus in Animal and Vegetable

Tissues," Proceedings of Royal Society of London, Vol. LXIII, p. 467, 1898.



SCOTT : STRUCTURE, MICRO-CHEMISTRY AND DEVELOPMENT OF NERVE CELLS C

The mode of occurrence of these t^ranales in embryonic and foetal

cells has evoked considerable interest. Vas** and Eve found the chromo-
philous substance uniformly distributed in the nerve cells of foetal

rabbits, and Szczawinska" observed the same for embryonic cells of
selachians. Buhler noticed that the granules were entirely absent from
the nerve cells at an early stage. Timofeew^" observed that in the inter-

val between the fourth and sixth day of incubation in the chick, the

chromophilous substance increased markedly in amount and was uni-

formly distributed.

None of the above observers seem to have suspected any other than a
cytoplasmic origin for this substance and none of them have followed

out in detail the appearance of this substance in the cell. The nucleo-

proteid nature of these bodies suggested the nucleus as a possible source

of the substance forming them, and this inference has been confirmed

by a series of observations made on mammalian and avian embryos.
Further evidence in support of the nuclear origin of these bodies is found

by the examination of the structureof the nerve cells of animals in which
no Nissl granules occur. These observations will form Parts 2 and 3 of

the present memoir, while Part 4 will be devoted to the discussion of
certain general considerations with respect to the structure of the nerve

cell that have recently been the subject of much investigation.

The question of a good fixing agent for nerve cells has been discussed

by many writers but more particularly by Flemming," v. Lenhossek^'^ and
Held.^^ Flemming, v. Lenhossek and with them many others find that

saturated aqueous sublimate is the most satisfactory fixing fluid for nerve

cells. Held, believing in the foam-like structure of protoplasm, does not

consider it as good as other fluids. Besides sublimate, Carnoy's fluid,

Flemming's fluid and picrosulphuric acid are generally found to give good
results. With all these fluids fair results were produced, but the sharpest

granules and the clearest intergranular substance were obtained by using
the modification of Foa's fluid as recommended by Bensley,^* viz., equal

8 Vas, Friedrich, " Studien iiber den Bau des Chromatin in der Sympathischen Ganglienzelle," Arch,
f. Mik. Anat., XL, p. 375, 1892.

9 Szczawinska, \V., " Recherches sur le systeme nerveux des Selaciens," Arch, de Biologic, XV, p.
463, 1897.

loTimofeew, D., " Beobachtungren iiber den Bau der Nervenzellen des Spinalg^ang-lien und des Sym-
patheticus beim Vogel," Inter. Monat. f. Anat. u. Physiol, XV, p. 259, 1898.

11 Flemmingr, W., "Ueberden Bau der Spinalgang-Henzellen bei Saugethieren, und Bemerkungen iiber

den der centralen Zellen." Arch. f. Mik. Anat,, XLVI, p. 379, 1895.

12 V. Lenhossek. M., "Ueberden Bau der Spinalganglienzellen des Menschen," Arch. f. Psychiatric
XXIX. p. 345, 1897.

13 Held, H., 1. c. and Arch. f. .\nat. u. Phys., Supp., p. 273, 1897.

14 Bensley, R. R., "Mammalian Gastric Glands." Proceedings of Canadian Institute, Vol. I, Part i,

p. II, 1897.
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parts of sublimate saturated in ninet}^-five per cent, alcohol and of a two

per cent, solution of potassium bichromate in water. Small pieces were

left in the freshly prepared mixture for two to four hours, washed in fifty

per cent, alcohol, and then passed through the grades of alcohol.

Material intended for chemical investigation was fixed in alcohol. The
cells obtained from alcohol fixation are not materially different from

those obtained with other fluids. The cone of origin and the process of

spinal ganglion cells have nearly the same appearance in well preserved

alcohol tissue that they have in sublimate material. Flemming's failure

to get good results with alcohol may have been due to the circumstance

that he did not leave his tissue in the alcohol for a sufficient time.

Three days in alcohol as in Flemming's'^ method is not enough to insure

complete coagulation of the proteids of the cell.

After fixing and hardening the material was imbedded in paraffin,

using oil of bergamot for infiltration. Sections were attached to the

slide by the distilled water method and stained.

I.

—

The Structure and Micro-Chemistry of the Nerve
Cells of Mammals.

It is generally believed that three substances enter into the formation

of the body of nerve cells: (i) the Nissl granules, (2) a spongioplasm

that is generally believed to be fibrillar but which may be reticular, and

(3) a hyaloplasmic ground substance in which the two former are em-
bedded. As this structure is found in the nerve cells of mammals and

the nerve cells of this class have been most frequently studied, they will

form the subject of this section.

Material was used from the following animals :—man, ox, pig, sheep,

dog, cat, rabbit, guinea pig and mouse. In most cases pieces from the

cortex, cerebellum, cord, spinal and sympathetic ganglia were obtained

and fixed in various fluids, but by preference in alcohol and the bichlor-

ide-bichromate mixture. The shape and distribution in the cell of the

Nissl granules are best demonstrated by staining sections fixed to the

slide for a few minutes in an aqueous solution of toluidin blue or methy-

lene blue, but preferably in toluidin blue, which v. Lenhossek regards as

a specific stain. After staining, the sections are differentiated in a mixture

of aniline and alcohol, cleared in oil of bergamot and mounted in balsam.

The results obtained with this method are similar in every respect to

those obtained with the more laborious process of Nissl.

IS L. c, p. 385.
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NissP*^ describes the bodies stained by his method, as having the form

of larger or smaller, round, oval, spherical, often angular or irregular

masses which have thread-like processes. These thread-like processes

often unite the different masses into a true reticulum. Biihler'^ and

Cox^** for the spinal ganglion cells'^ and Flemming-" for the cells of the

cord of Gadus have noticed this reticulum of chromophiious substance.

The reticular nature of this substance is frequently seen in the spinal or

sympathetic ganglion cells, or in the cells of Purkinje in the cerebellum,

and is occasionally seen in the cells of the cord and cortex. In sections

stained with toluidin blue alone, the nucleus is seen as a clear space in

the cell containing a large, round, deeply-stained nucleolus. There is

usually nothing else stained in the nucleus, but occasionally there may
be a faint bluish tint along certain lines.

If instead of emplo3'ing toluidin blue alone, we use a cytoplasmic

stain with it, we get the intergranular substance stained as well as the

granules. The combination of eosin and toluidin blue, as employed by

Mann, was the one used most frequently, although er\'throsin and methy-

lene blue, as employed by Held, give good results. Using these dyes we
find the Nissl granules are stained blue, while the intergranular substance

appears red. (Figs, i and 2). The nucleolus is also blue, but the blue

is not the same as that of the Nissl granules, nor is the blue uniform

throughout, for in many cases one can see a distinct red centre having a

blue-stained layer on the outside. (Fig. 21). Probably the greatest

change the addition of eosin to the stain has made in the appearance of

the cell is in the nucleus. Here, instead of finding an unstained sub-

stance, one sees stretching from the nucleolus to the nuclear membrane
a network of eosin-stained material. This substance is generally

abundant near the nucleolus and adjacent to the nuclear membrane,
while e.xtending across the intervening space is a loose network of the

same material. Sometimes, however, this material is found scattered

throughout the nucleus in a finely granular form. This eosinophilous

substance is generally more abundant in the nuclei of spinal and sympa-
thetic ganglion cells than in the nuclei of cells of the central nervous

16 Nissl, F., " Mittheilungen zur Anatomic der Nervenzelle," AUgemeine Zeitschrift fiir Psychiatric,

L, p, 372, 1894.

17 BCihler, Lc, p. qS.

18 Cox, W. H., "Die Selbstandigkeit der Fibrillen ini Neuron," Internat. Monat. f. Anat. und. Phys,,

XV, p. 209, iSgS.

19 Lugaro (Lo sperimentale, 1895), also observed the reticular nature of this substance. Quoted from
Robertson, Brain, 1899, p. 212.

20 Flemming, W., " Ueber die Structur centraler Nervenzellen," Anat. Hefte Heft, XIX, p. 563, 1896.

(Original inaccessible. Quoted from Biihler).
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system. It has been suggested by v. Lenhossek-^ that this substance is

the same as the lanthanin of Heidenhain" or the cedematin of Reinke.-^

This substance is undoubtedly a nuclein compound and is oxyphile, yet

it will be seen later that it has very peculiar properties which distinguish

it from all chromatins or other substances heretofore described, and I

shall therefore call it for the present the oxyphile substance of the

nucleus.

Staining sections in gentian violet or safranin and differentiating,

gives figures almost similar to those obtained with toluidin blue alone,

but if one fixes in Flemming's fluid and stains with his orange method,

one finds the granules are a deep violet on a reddish ground, the

nucleolus is red with an outer colouring of violet, while the oxyphile sub-

stance is also a deep violet. Tliis method has given me some of my
most instructive preparations, especially of spinal ganglion cells, the un-

attached sections of which may be left in the stains.

The iron-alum stain of Heidenhain has been extensively used by

Flemming, v. Lenhossek and others to show the structure of the cell.

As this stain colours the cytoplasm as well as the chromatin, it ought, in

my opinion, to be used on nerve cells with care, for the granules are often

fibrillar in character and with the iron-alum haematoxylin stain alone it

is often impossible to distinguish the fine fibrillar processes of the

granules from the intergranular substance. An after stain of rubin

removes a great deal of the difficulty, as then the fine processes of the

granules are stained like the granules themselves.

The granules in different classes of cells exhibit a variable affinity for

the meth\^l green in the Ehrlich-Biondi combination, but such affinities

are not constant. In this stain the nucleolus is generally greenish, but

the green is unlike that in the nuclei of the neuroglia cells, a circumstance

that V. Lenhossek has also noticed. There is usualh' no other green-

staining substance except the nucleolus in the nucleus, but Levi,-* Hei-

mann'-'" and Blihler have found such a substance. This of all staining

mixtures is hard to manipulate, and one cannot la}- any great stress on

differences obtained with it.

21 v. Lenhossek, M,, Arch. f. Psychiatric, XXIX., p. 375,

22 Heidenhain, M., "Kern und Protoplasma," Festsch. f. Koelh'ker, p. 128, 1892, and Arch. f. Mik.

Anat. XLIII.

23 Reinke, Friedrich, "Zellstudien," Arch. f. Mik. Anat., XLHI, p. 402, 1894.

24 Levi, G., " Su alcune particolarita di struttura del nucleo delle cellule nervose," Rivista di path,

nervosa e mentale, 1896. (Quoted from v. Lenhossek, Arch, f. Ps)-ch., XXIX, p. 376).

25 Heimann, E., " Beitrag'e zur Kenntniss der feineren Struktur der Spinalg'anglien," Virchow's

Archiv. CLII, p, 298, i8g8.

26 Buhler, c, p. 46.
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It has been shown by Macallum'"^ that iron is a constant constituent of

all chromatin. Mackenzie/* using the ferrocyanide method and the

haematoxylin method of Macallum,-^ found the Nissl granules to contain

iron. Using the haematoxylin method, which consists in keeping

sections in acid alcohol (sulphuric acid 4, alcohol 100, by volume) for a

few hours at 1^° C, washing the acid out in alcohol and transferring

them to an aqueous solution of haematoxylin, one finds the Nissl

granules are stained bluish black, which is an indication that they con-

tain iron. Besides the Nissl granules the nucleolus and the oxyphile

nuclear substance have the same colour, showing that they also contain

iron (Fig. 4). After the sections have been treated with the acid alcohol

they may be transferred to acid ferrocyanide solution, when a Prussian

blue reaction will be found in the three parts mentioned. The same

result is obtained if teased-out cells are baked at 60° C. for several days

in a mixture of ammonium sulphide and glycerine according to the

method of Macallum, when the Nissl granules, nucleolus and oxyphile

nuclear substance turn green, owing to the formation of ferrous sulphide.

With any of these methods the Nissl granules are seen in the cell as

masses or a reticulum. The appearances obtained by these methods are

similar to those obtained by staining with toluidin blue alone, except

that the oxyphile nuclear substance is also affected.

Using the test for phosphorus as described by Macallum,^" the Nissl

granules, nucleolus and oxyphile nuclear substance give a marked re-

action for phosphorus, while the intergranular spongioplasm gives a faint

reaction. (Fig. 3). For the purposes of this test, material that has been

fixed in alcohol is extracted in a Soxhlet apparatus and imbedded

in paraffin. Sections fixed to the slide are washed several times in dis-

tilled water to insure the absence of all alcohol, and then transferred to

a solution of ammonium molybdate in nitric acid. After sections have

been in this solution for some time they are brought into a solution of

phenylhydrazin hydrochloride which reduces the phospho-molybdate to

a greenish oxide of molybdenum but does not reduce the molybdate

itself Sections treated for a few minutes in the molybdate solution

show little or no phosphorus. It is necessary to leave the sections in the

molybdate solution for several hours in order to bring out clearly a re-

action in the cell. After treating with phenylhydrazin hydrochloride the

27 Macallum, A. B., "On the Distribution of Assimilated Iron Compounds, other than Hasmoglobin

and HEcmatins, in Animal and Vegetable Cells," Quarterly Journal of Microscopical Science, Vol.

XXXVIII, p. 17s, i8qs.

28 Mackenzie, 1. c.

29 Macallum, A. B., " A New Method of Distinguishing- between Organic and Inorganic Compounds
of Iron," Journal of Physiology, XXII, p. 92, 1897.

30 Macallum, 1. c.
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sections are washed in water, dehydrated, cleared in oil of cloves and

mounted in balsam. The preparations show that in the parts in which

organic iron is present phosphorus occurs, and that a fainter reaction for

phosphorus obtains in the spongioplasm.

Held'"^ found the Nissl granules are not digested in pepsin and hydro-

chloric acid solutions. This is correct, but the oxyphile nuclear substance

also digests and the nucleolus under certain circumstances disappears.

This is an important fact and is the chief objection to calling the

oxyphile nuclear substance oxychromatin, for chromatin is always con-

sidered to be indigestible. Held's figures seem to show that he obtained

the same result on digestion. No mention is made of this in his text,

but in the description of the cells given under his plate he adds, " Nuc-

leolus und ein Theil der Kernmasse noch nicht verdaut," thus indicating

that he considered it an ordinary circumstance for nuclear parts to

digest.

The oxyphile nuclear substance digests very readily indeed, but it is

doubtful if the disappearance of the nucleolus is really due to the diges-

tion of its substance. I shall show later that the nucleolus has an

oxyphile centre and it is probable that this centre would digest, thus

liberating the whole nucleolus, if it were attached to the slide only by

its centre. If on the other hand, the nucleolus is attached by its

periphery it will not be removed. Sometimes the nucleolus, after diges-

tion, appears as a shell. The nucleolus is also very loosely attached to

the nuclear network, a feature to which v. Lenhossek"-' has called

attention and which will afterwards be discussed. After digestion the

deepest iron-alum stain of Heidenhain or an}^ other stain, will not show

a reticulum in the nucleus, consequently there would be nothing to hold

the nucleolus in its place in material digested in bulk. Considering

everything, it is probable that the peripheral or basophile portion of the

nucleolus is never digested. It is not the weak acid that affects

the oxyphile nuclear substance, for one may leave loose sections

in weak (0.2 per cent.) hydrochloric acid for days at '^y° C. and yet the

nucleus will contain oxyphile substance.

In the digestion experiments fresh material was sometimes first

submitted to digestion and then hardened and imbedded, but generally

the tissue had been fixed in alcohol beforehand. The material

employed was in the form of sections attached to the cover glass

or in thin pieces which were afterwards dehydrated and then imbedded.

•51 Held, Arch. f. Atiat. u. Phys., Anat. Abth., 1895, p. 396.

32 V. Lenhossek, M., Arch. f. Psych., XXIX, p. 373.
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Held'^ found the granules are insoluble in weak or in concentrated

mineral acids. Eve'* observed that acids had a slight dissolving action

on the granules.

Acids have a marked action on the granules and nuclear contents.

One way to detect the presence of iron in the cell is to treat the sections

with acid alcohol, when the iron can be detected by ordinary reagents

(vide ante). If the sections are left in the acid for longer time all the

iron will be extracted from the cell and then on staining them with

eosin and toluidin blue, no blue-stained substance will be seen, the

result being the same as if unaltered cells were stained with eosin

alone. There are no vacuoles in the cell and the granules may still be

detected with Heidenhain's haematoxylin stain. After all iron has been

extracted from the cell the granules in the cytoplasm, the nucleolus and

the oxyphile nuclear substance still contain phosphorus.

The action of alkalies on the cell has been studied by Held,^ Eve,^«

Buhler''' and Ruzicka.''' Held and Buhler find the granules are first

altered in their - staining powers and then are soluble in alkalies,

forming vacuoles in the cell where the granules were originally.

Eve is doubtful whether the granules are soluble in the alkalies or

are merely altered in their staining powers. Ruzicka finds the granules

are insoluble in alkalies and are not altered in their staining properties.

After treatment with alkalies the granules, I find, do not stain blue

with toluidin blue or do not give an iron reaction, but most cells do not

contain vacuoles. Since alkalies detach sections from the slide, either

loose sections of spmal ganglia were used, or thin pieces of material

which had been fixed in alcohol were left in the alkali for the desired

time and then washed, dehydrated and imbedded. As alkalies the

following solutions were employed : sodium hydrate 0.25 per cent.,

0.5 per cent, and i per cent.
;
potassium hydrate, 0.2 per cent, and 0.5

per cent, and lithium carbonate in saturated aqueous solution. Held'"

figures a vacuolated cell obtained by leaving a thin piece of cord in

saturated lithium carbonate for four days. Material was left in lithium

carbonate solution for as long as ten days and yet no vacuoles were

33 Held, Arch. f. Anat. u. Phys., Anat. Abth., 1895, p. 396.

34 L. c.

35 Held., H. Arch. f. Anat. u. Phys., Anat. Abth., 1895, p. 396. and 1897, p. 204.

36 Eve., 1. c.

37 Biihler., 1. c.

38 Ruzicka, Vladislaw, " Untersuchungen, uber die feinere Structur der Nervenzellen und ihrer Fort-

satze," Arch. f. Mik. Anat., LIH, P. 485. "898.

39 Held, I.e., 1895, Fig. 10.



12 SCOTT : STRUCTURE, MICRO-CHEMISTRY AND DEVELOPMENT OF NERVE CELLS

observed in many cells. Material has been left in the weak potash or soda

solutions for seven days with the same result. After treatment with the

alkali, staining with eosin and toluidin blue will produce the same result

in the nerve cell as staining unaltered sections with eosin alone, except

that the nucleolus will probably be quite blue. The nuclei of the

neuroglia cells are still stained normally, as are also the nuclei of the

cells of the walls of the blood vessels and of white blood corpuscles

present in them, thus showing the stains are effective and would still

bring out the granules if they were unaltered. Held*" has also observed

that after treatment with alkalies the nuclei of the neuroglia and

connective tissue cells are unaltered.

If one treats cells altered in this way to determine the distribution

of iron in the cell, one finds the nucleolus and oxyphile nuclear sub-

stance may still be quite rich in iron but the remainder of the cell is

devoid of it. The neuroglia cells also contain iron, this showing that

the reaction would still detect any iron if it were present in the

cytoplasm of the nerve cells. After prolonged treatment with the

alkali, the distribution of phosphorus is quite normal, as the granules in

the cell, the nucleolus and oxyphile nuclear substance still give the

phosphorus reaction.

One can obtain similar results if tissue is hardened in an alcoholic

solution, containing a small percentage of alkali, such as Held employed,

when the iron-holding substances of the nerve cell are extracted from the

cytoplasm but the nuclei of the neuroglia cells are only slightly affected.

A ten per cent, solution of lysol, which Reinke found to be a solvent of

chromatin, was also used with the same result ; it altered the staining

properties of the nerve cell but did not affect those of the neuroglia

cells.

Ruzicka used material that had been fixed in sublimate for his experi-

ments. The mercurial compound of these granules is much less easily

altered than the granules coagulated in alcohol ; but if treatment with

the alkali be prolonged the same result is obtained.

When the tissue is placed in the alkali it swells but shrinks again on

placing it in alcohol. This swelling and shrinking causes clefts in the

protoplasm of some cells. Although these clefts do not correspond in

position or form with the granules in the cell, it seems probable the}' are

the vacuoles noticed by Held and Biihler and considered by them as the

spaces left by the dissolved granules. It seems highly improbable that

40 Held, Arch. f. Aiiat. u. Phys. , Anat. Abth., 1897, p. 207.
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alkalies should remove the granules, leaving vacuoles, but not the
nucleolus or the oxyphile nuclear substance which are related sub-

stances.

The slight degree of alkalinity necessary to alter the granules

suggested that the blood, which is really more alkaline than some of the

solutions used, might act in a similar way. This was tried and found to

be the case. After loose sections of a spinal ganglion that had been

fixed in alcohol had been in fresh defibrinated ox-blood for twenty

hours, the granules were altered in the same way as if they had been in

potash or soda solutions for the same time. We thus find that the gran-

ules, as they occur in the cells after fixation, are altered by the animal's

own blood.

Eve observed that salt solutions had little action on the granules, but

Biihler found the granules were soluble in physiological salt solution in

twenty-four hours, leaving vacuoles in the cell. My results coincide with

those of Eve, for when fresh spinal cord and ganglia were left in salt

solutions for as long as three days at room-temperature the substance of

the Nissl granules was still present. The cells contained vacuoles,

forcing the granules into distorted shapes, but the substance stained

normally with toluidin blue, and contained iron. In one case, after

material had been in the salt solution for three days, the granules were

so altered that they would not stain with toluidin blue. On examina-

tion the salt solution used was found to be distinctly alkaline, but in all

cases where neutral salt solution was used the substance of the granules

was not removed.

Leaving fresh material in distilled water for five days at the tempera-

ture of the room does not alter the staining powers of this substance,

although the cell may contain vacuoles. Hardening material, however,

by putting it into boiling water, has an action on nerve cells somewhat
similar to the action of dilute alkalies. If the boiling has been continued

long enough the granules will not stain with basic dyes and the iron

cannot be detected in them with the acid alcohol method. The distri-

bution of phosphorus is, however, normal throughout the cell.

Held failed to obtain a Millon reaction in the granules. A Millon

reaction may, however, be obtained throughout the cell body, the

nucleolus and oxyphile nuclear substance, if sections of material fixed

in alcohol are left in freshly prepared Millon reagent for several hours

at room temperature.

Besides the granules, the nerve cells frequently contain a yellowish
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pigment in their body. The pigment has been found to be especially

common in man and monkeys. (Warrington).'*^ The pigment present

in the cells of a thoracic sympathetic ganglion of an ox, after it had

been hardened in alcohol, gave the following reactions. It was still

present after a one per cent, solution of potash had acted on loose

sections for three days at room-temperature. It was not removed from

the free sections by the action for a week of one per cent, hydrochloric

acid solution, nor did it give, after the use of acid alcohol, any reaction

for iron, which confirms what Warrington found for the pigment present

in the nerve cells of man. It did, however, give a positive reaction for

phosphorus, using Macallum's test.

Before leaving this section I would like to discuss the structure of the

nucleolus. There is always one, and there may be several, nucleoli

present in the nucleus of the nerve cells of mammals and in most other

classes of animals ; but there is rarely a nucleolus in the nerve cells of

the Urodela and if present it cannot be distinguished with certainty

from the remainder of the nuclear chromatin.

The nucleolus is considered by most observers to consist of a single

substance which may be vacuolated. Several observers, however, have

described the nucleolus as consisting of fine grains embedded in aground
mass. This view is supported by v. Lenhossek,^' Held,*^ Ruzicka,**

Obersteiner,*'^ but more particularly by Timofeew*" who says the

nucleolus consists of basophile grains embedded in an oxyphile ground

substance.

The nucleolus consists of two substances, but the relation of these two

is different from that usually described. I find the nucleolus is a vesicle

with an oxy-centre and a basophile covering.^' This relation is often seen

in sections stained with eosin and toluidin blue, or in material fixed in

Flemming's fluid and stained with his orange method. A somewhat
similar structure has lately been described by Heimann'*'*, who noticed

the periphery of the nucleolus had a great affinity for stains.

This structure is best seen in the nerve cells of rodents but occurs in

41 Warrington, W. B. "On the Structural Alterations observed in Nerve Cells," Journal of PhysioloEry,
XXIII. 1898.

42. V. Lcnhossek, I. c.

43. Held, Archiv f. Anat. u. Physiol., p. 207, 1897.

44. Ruzicka, Zeit. t. Wiss. Mikroskopie, p. 452, 1897.

45. Obersteiner, Zeit. f. Wiss. Mikroskopie, p. 60, 1898.

46. Timoteew, I.e.

47 Mackenzie also observed this relation in the nucleolus. Ora Communication, British Association

Toronto Meeting, 1897.

48 Hc-imann, 1. c.
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all animals and in well-stained sections is easily observed. Vacuoles are

also quite frequent in the nucleolus, a fact which has attracted the notice

of several observers. That this is quite correct is shown by the

action of alkalies or of digestive fluids on the nucleolus. The action of

digestive fluids in sometimes leaving a shell of undigested material has

been referred to, but the effect of alkalies is more convincing. Held found

that after prolonged treatment in the alkali the nucleolus no longer stained

with methylene blue, and he thought that this showed that the nucleolus

was formed of fine grains embedded in a ground mass. Alkalies have

an altering action on the nucleolus similar to that on the Nissl granules

but the action must be prolonged. If tissue which has been fixed in

sublimate is used the action is very slow and one can often find the

outer covering of the nucleolus broken, between the portions of which

the oxyphile centre may be seen. This structure can be seen in sections

stained with eosin and toluidin blue, or in iron-alum haematoxylin, but

the clearest way ofdemonstrating it is the gold method of Apathy. Figs.

9 and 10 are the nuclei of cells that have been treated with potash and

then stained with this method. The oxyphile centre can be seen

between the pieces of the basophile covering which has undergone frag-

mentation.

The above considerations render it clear that there are at least three

distinct nuclein compounds in nerve cells, the Nissl granules, the baso-

phile covering of the nucleolus and the oxyphile nuclear substance. Each
of these bodies contains, iron and phosphorus, the usual constituents of

many nucleo-proteids. Van Gehuchten°° and CajaP^ believe the nuclein

is condensed into the nucleolus, while v. Lenhossek maintains that the

nerve cell does not contain true nuclein or chromatin. There seem to

be many different nuclein compounds in different cells, but we shall see

that for the nerve cells these different nuclein compounds are genetically

related, and that intermediate substances are found in the nerve cells of

different animals.

49 Apathy, Stefan, "Das leitende Element des Nervensystems, etc," Mitth. aus der Zool. Station zu

Neapel, XII, p. 495, 1897.

so Gehuchten, A. van, " L'anatomie fine de la cellule nerveuse,' La Cellule, XIII, p. 313, 1897.

51 Cajal. S. R., Revisto Triniensal Micrografica, 1896. (Original inaccessible, quoted from van
Gehuchten).
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II.

—

The Development of Nerve Cells with Special Refer-

ence To THE Development of the Chromatic

Substance of the Cell Body.

Several attempts have been made to determine the origin of the

Nissl granules, but all have failed to detect it. Vas made some inter-

esting observations on the chromatin of foetal sympathetic ganglion

cells but did not attempt to ascertain the origin of the chromatic sub-

stance of the cell body. Eve found the chromatic substance completely

filled the cell body at an early date. The cells of the vagus ganglion

were the first to show an appearance like the adult cell with regard to

the distribution of this substance. Szczawinska, working with selachian

embryos, did not trace it further than the stage in which the cells were

uniformly stained. Biihler^'- states that foetal cells are devoid of

granules, but does not ascertain the origin of the granular substance.

He did, however, notice that the nuclei of young nerve cells are baso-

phile and gradually become oxyphile as development proceeds. Timo-

feew observed that in chick embryos the basophile substance increased

markedly in amount in the cells of the spinal ganglia, between the fourth

and sixth day of incubation. He says nothing of its origin and evidently

considers it c\'toplasmic.

The chromatic substance which forms the Nissl granules is undoubt-

edly derived from the nuclear chromatin. A series of pig embryos from

7mm. onward to birth was the chief material used for these obser-

vations, but calf, sheep, rabbit and chicken embryos were used to

confirm the results.

The embryos were fixed in the bichloride-bichromate mixture or in

picro-corrosive fluid. Material intended for chemical methods was fixed

in alcohol.

The development of the chromatic substance which forms the Nissl

granules is closely connected with the morphological development of the

cell. His"' showed that the neuroblasts are derived from cells, lying, in

mammals, next the medullary canal, which he calls germinating cells.

These cells have a protoplasm which may be divided into an outer clear

52 L. c, p. 46.

53 His, W., "Die Neuroblasten unJ Jeren Entstehung im einhryonalen Mark," Arch. f. Anat. u

Phys., Anat. Abth., 1889. p. 249.

Also, " Histogenese und Zusammenhang der Nervenelemente," Arch. t. Anat. u. Phys., Supp. 1890

p. 95-
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and an inner granular layer. The next distinct stage which Mis dis-

tinguishes in the development of the nerve cell is the neuroblast phase.

Here an oval nucleus bears a conical cell body, and this in turn is con-

tinued into a long process. The nucleus is nioderately rich in chromatin

of which there are several masses united by a filament. There are no

protoplasmic processes and the protoplasm around the nucleus is very

scant)-. The neuroblasts arise in the inner layer from the germinating

cells and pass out secondarily into the mantle layer of the w^all. In the

transformation of the germanating cells into neuroblasts His distinguishes

five stages :

(i). Germinating cells of round form with a broad protoplasmic body.

(2). Germinating cells of round form with initial point and broad pro-

toplasmic mantle.

(3). Intermediate cells of pear shape with little protoplasm around the

unclosed nucleus. The cytoplasm is continued into a long process and

the cells may still lie close to the internal membrane.

(4). Intermediate cells of pear shape with closed nucleus, deeply

staining, outer cone, but little protoplasm around the remainder of the

nucleus.

(5). Finished neuroblast.

My observations confirm those of His on the origin of the neuroblasts

and in addition show the fate of their chromatin, a point not touched

upon by His.

Germinating cells occur in the pig from the earliest stage procured by

me (7mm.) to that of i8mm. length. If a section of a cord of, e. g., a

lomm. pig, is stained with eosin and toluidin blue, one finds that all

the blue-staining substance in the germinating cells is confined

to the chromatin of their nuclei. The reactions for iron demonstrate

that the cytoplasm is devoid of substance containing this element. At
this period all iron-holding material is confined to the chromatin of the

nucleus.

These cells are of round or oval shape, (Fig. 12), and are in some stage

of mitosis. The cytoplasm is free from iron-holding material, or from

material staining with toluidin blue. The cells are sometimes in the

loose-skein phase, sometimes in the dyaster stage but most frequently

in the equatorial-plate phase. The cells are generally in the equatorial

plate phase when the process begins to be formed. /\s the cone in-

creases the chromatin becomes excentric (Figs. 13 and 14). There is
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Still no nuclear membrane and still no iron-holding nuclein compounds

in the cell body or process. The cell bodies appear, quite frequently,

reticulated.

The equatorial-plate stage is soon passed, and the chromatin begins to

distribute itself in the nucleus. Various steps in the distribution of the

chromatin may be followed until a stage, such as is represented in Fig.

15, is reached. By this time a nuclear membrane has been formed.

Usually several masses of chromatin are found touching the nuclear

membrane, while others are found towards the centre of the nucleus, but

all seemingly connected by filaments. There is, as yet, no oxyphile

substance in the nucleus. These cells are usually found under the

membrane of the medullary canal but in very young embryos they occur

in the mantle layer. The nucleus is entirely excentric and the cell body

runs out into a long process. The cell body and process are still

entirely free from iron-holding nuclein compounds.

As the cells pass outward into the mantle layer and become older,

the substance having affinity for toluidin blue in their nuclei disappears

and a substance with more affinity for eosin takes its place. Syn-

chronous wath this change, a substance with great affinity for toluidin

blue appears in the cell around the nucleus (Figs. 16 and 17). With

the appearance of this substance in the cell body iron may be de-

tected there for the first time. In this stage, which would correspond

to stage 4 of the series described by His, there are several granular

masses in the nucleus with marked affinity for toluidin blue, but the

most of the nuclear chromatin stains intermediate between the red and

the blue.

As development proceeds (Figs. 18 and 19) the basophile substance in

the nucleus continues to decrease, while the basophile substance in the

cell body increases, and as it does so the affinity of the nuclear chro-

matin for eosin also increases correspondingly. One part of the chro-

matin does not alter but remains basophile and constitutes ultimately the

peripheral portion of the nucleolus. Figs. 18 and 20 represent cells from

the same embryo. The one indicates the distribution of the oxyphile

and the basophile parts, while the other shows that both contain iron.

In Figure 21 is represented a cell from the medulla of a 32mm.

pig embryo. The basophile substance forms a homogeneous mass filling

the cell body. The cell may be said to have undergone at this

time complete development of its chromatic substance, for now the

nuclear oxyphile substance is completely digestible, and it stains like the

substance found in the nuclei of adult mammalian nerve cells.
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These facts indicate that the three nuclein compounds of the adult

nerve cell, the Nissl granules, the nucleolus and the oxyphile nuclear

substance, are derived from the chromatin of the nucleus of the ger-

minating cell. This chromatin divides into two parts, each containing

iron and phosphorus, but the one is oxyphile and remains in the nucleus,

while the other is basophile and diffuses into the cell body and becomes

the Nissl granules. The nucleolus seems to correspond in character to

the chromatin of such a stage as is represented in Fig. 15, where little

change has occurred from the equatorial-plate phase.

The cell body is filled with diffused chromatin before the protoplasmic

processes are formed, but as the cell grows and the protoplasmic pro-

cesses arise, the diffused chromatin is formed into masses and these in

turn into smaller pieces until the size observed in the adult is reached.

The breaking up of the diffused chromatin into masses is probably due

to growth, and not to functional activity as one might think from the

results obtained by Vas and Eve, for the ganglion cells of the retina of a

foetal calf of 60 cm. were distinctly granular. If the process of fragmen-

tation proceeds fat enough, the masses will be isolated in the cell, but if

not they will constitute a reticulum. No evidence was observed of a

connection persisting between this diffused chromatin and the nucleus.

One criticism of the observations of His is necessary. His stage 4 in

the development of the neuroblast should succeed his stage 5, for the

description of the latter stage is of a cell in which the basophile

substance has not yet diffused from the nucleus, while the description

of the former stage is of a cell in which this diffusion has taken place.

That such a mistake might arise is seen from the fact that the basophile

substance is not distinct in the cell body for a long time after neuroblasts

are formed and have migrated into the mantle layer. Thus germinating

cells are found in all the stages from the earliest procured (7 mm.) to

that in which the embryos are about i8mm. long, while neuroblasts of

the type that His describes as developed are abundant in the mantle

layer at 7mm. and continue to be so until the formation of neuroblasts

ceases. The chromatic substance, however, is not abundant in the cell

body till the embryo is about 15mm. long. Consequently the process

of transformation and diffusion of the chromatin is going on while the

embryo grows from at least 7mm. to 15mm. In an embryo of 15mm.
there are still many neuroblasts in the mantle layer that have not a

distinct colourable cone but only a thickened mass of basophile sub-

stance around the nuclear membrane.

A single section of an embryo pig from 15 to 1 8mm., since it contains
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germinating cells and neuroblasts with diffused chromatin, shows all

stages in the process of transformation and diffusion of the chromatin.

This circumstance enables one to be sure that the gradual loss of

affinity of the nucleus for basic dyes is not due to overstaining in

eosin, for after the chromatin begins to change, an overstaining with

eosin will make it red, but a shorter time in the eosin will colour it pur-

plish. If one examines a section in which all stages of the diffusion of

the chromatin are seen, one can easily seethe great affinity the nuclei of

the nerve cells next the medullary canal have for toluidin blue. The
nuclei of cells lying farther from the canal have less and less affinity for

basic dyes, but one can observe that with this loss of affinity on the part

of the nucleus for these dyes, a substance with marked affinity for them
appears in the cytoplasm. This substance is first seen as a thickened

nuclear membrane, but as more of it diffuses from the nucleus it takes

the form of a distinct cone in the cytoplasm forming a cap on the

nucleus.

These observations have been confirmed on the cells of the cortex,

cerebellum and spinal ganglia of mammals and also on the cells of the

chicken. The chick embryos are not as suitable as mammalian embr3'os

for following this process, on account of the general distribution of yolk

nucleo-proteids, but the stages can be distinctly observed.

The chromatic material appears in the cytoplasm of the cells of the

medulla before it appears in those lower down in the cord, but my
observations on the rate of the development of the material in the

different centres are incomplete.

The action of dilute alkalies on the cell varies with the degree of its

development. At a stage such as is represented in Figure 21 the action

of alkalies is similar to their action on adult cells. After treatment with

alkalies the cell body would not stain with toluidin blue or did not con-

tain iron, but the body of the cell still remained. If the view of Held
and Biihler regarding the nature of the Nissl granules is correct, then the

whole cytoplasm should have disappeared.

Alkalies are very slow in altering the staining powers of the chromatin

in mitosis. The nuclei of germinating cells and of the nerve cells in

which the kinetic chromatin was only slightly altered, contained a large

quantity of material that stained with toluidin blue and proved to be

iron-holding, after small pieces of tissue, that had been fixed in alcohol,

had been treated with potash (0.2%) for six days. In this same solution

the Nissl granules had been altered so that they would not give their
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ordinary reactions in six hours, but the nucleolus of the nerve cell and

the nuclei of the neuroglia cells manifested their ordinary reactions,

although more diffusely, at the end of the six days.

On digestion of material which had been fixed in alcohol there

was no appreciable effect on the nuclein compounds until a stage of

which Figs. 19 and 21 are representations. In the stage illustrated in

Figure 21, which is from the cord of an embryo of 32mm., all the

oxyphile nuclear substance digests as in the adult, but in stages before

this one, there is always some substance which does not disappear

on digestion. After digestion the periphery of the nucleolus always

remains. In this respect as well as in all its other reactions it resembles

the chromatin found in primitive nerve cells.

In order to facilitate reference to the different stages through which

the chromatic substance passes in getting into the cytoplasm of the

nerve cell I shall adopt the example of His and divide the process

(arbitrarily) into different stages.

Stage I. Germinating cells (Figs. 12, 13, and 14), stages i, 2, and 3

of His. The chromatin is confined to the nucleus and is in mitosis-

Weak alkalies alter this substance very slowly. Digestion dissolves the

cell bodj?- but does not alter the staining power of the chromatin.

Stage 2. Neuroblast stage (Fig. 15), stage 5 of His. The chromatin

is confined to the nucleus but is broken into masses. A nuclear mem-

brane has been formed and the greater portion of the chromatin is dis-

tributed around the membrane. Alkalies and digestive fluids have little

or no power to alter the reactions of this substance.

Stage 3. (Figs. 16, 17, 18, 19 and 20}, stage 4 of His. Some of the

kinetic chromatin is transformed into two other kinds, an oxyphile and

a basophile. As the chromatin alters, the basophile part diffuses into

the cytoplasm but the oxyphile substance remains in the nucleus. Most

of the chromatin alters at the same rate but there may still be masses in

the nucleus with marked affinity for basic stains. Alkalies have an

altering action on the diffused-out chromatin in extracting the iron from

its substance, thus changing its staining reactions. Digestive fluids

affect the nucleus but still leave the basophile parts behind.

Stage 4. (Fig. 21). The transformation of the kinetic chromatin into

the oxyphile and basophile kinds is now completed and the diffused

basophile part fills the whole cell body. Alkalies alter the chromatin,

especially the diffused part. Digestion dissolves the oxyphile substance
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completely but leaves the diffused substance and the periphery of the

nucleolus unaffected.

Stage 5. Adult cell. Differs from stage 4 only in the distribution of

the chromatin which has diffused into the cytoplasm.

III.

—

On the Structure of the Nerve Cells ix Other

Classes of Animals.

. When such a remarkable change as that described in the development

of the Nissl granules occurs in mammals and birds, one would expect to

find some trace of it in the nerve cells of other animals. With this in

view the nerve cells of adult animals of the different classes were

examined. Before giving the results it would be advisable to make as

complete a list as possible of those forms in whose nerve cells a sub-

stance analogous to that of the Nissl granules has been found. The

following authors have dealt with the structure of the nerve cells of dif-

ferent mammals:—Flemming,^ Nissl, Vas Mann, Dogiel,®" Held, Eve, v.

Lenhossek,^^ Lugaro,^ Cajal, van Gehuchten, Cox, Biihler, Heimann,

Rohde,"" Ruzicka and many others. In all cases recorded for mammals
the nerve cell contained the granules. The only exception to this state-

ment is that of Reinke who, in the discussion of v. Lenhossek's paper

before the Anatomische Gesellschaft, stated that he had found large nerve

cells in the ganglion of a cat free from granules. In all ganglion cells of

the cat examined Nissl granules were present, and it is probable the

cells found by Reinke were in a diseased or otherwise altered ganglion.

The nerve cells of the animals below mammals have been studied with

methods that would show the Nissl granules as follows:

—

From Aves : in the pigeon,"' *^' ^^ raven,^- and fowl.^^

54 Flemming-, I.e., and Archiv f. Psychiatric, XXIX, p. 969, 1897.

55 Mann, Gustav., Journal of Anatomy and Physiologfy, XXIX, p. 100, 189,

56 Dogiel, A. S., Archiv f. Mik. Anatomic, XLI, p. 62, 1893.

57 V. Lenhossek, M., I.e., also Verhand. der Anat. Gesellschaft, 1896, p. <

58 Lugaro, Ri vista di pathologia nerv e. ment., 1896, p. 12.

59 Cox, W. H., I.e. and Anat. Hefte. X, Heft 31, p. 73, 1898.

60 Rohde, E., " Die Ganglienzelle," Zeit. f. VViss. Zool., LXIV, p. 697, 18

61 Held, I.e.

62 Biihler, I.e.

63 Timofeew, I.e.
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From Reptilia : in the ganglia of Testudo, Emys, Uromastix, and

Agama!'*^

From Anura : in Rana^^-^^- ** and Bufo.^'^

From Pisces : in the electric lobe of Torpedo,^^ in Gadus^'^ in

Leucisciis^'^ in Cyprinus'^~ in Alopias?^

From Invertebrates: in the crayfish/^ earthworm/^-''* molluscs''*" and

insects^*

With the exception of Szczavvinska, who states that granules are not

present in a few cells of some rays, all these observers find a substance

analogous to that of the Nissl granules present in the nerve cells of the

different animals examined. I think the reticulum, in the cells without

granules which Szczawinska figures, is made up of this chromatic

material, for one frequently finds the chromatic substance in such a

reticulum in some of the nerve cells of the earthworm, Limax and

LimncEa, while neighbouring cells have the chromatic substance in a

granular form. In any case the observations on the occurrence of this

substance in the nerve cells of the pigeon, frog, earthworm, crayfish and

various molluscs were confirmed.

The nerve cells of other forms which have not been studied, so far as

I know, by others, were examined, and this chromatic material was found

in the following forms

:

From Reptilia : cells of cord and cortex of Chrysemys picta.

From Ganoidei : cells of cord o{ Aniia calva.

64 Pugnat, Charles Amedee, " Recherches sur la structure des cellules des ganglions spinaux de

quelques reptiles," Anat. Anz., XIV, p. 8g, 1898.

65 V. Lenhossek, M., "Centrom und Sphare inden Spinalganglienzellen des Frosches," Arch. f. Mile.

Anat., XLVI, p. 345, 1895.

56 Dehler, Adolf., " Beitrag. zur Kenntniss von feineren Bau der sympathetischen Ganglienxellen d«s

Frosches," Arch. f. Mik. Anat., XLVI, p. 724, 1895.

67 Biihler, I.e.

68 Rohde, I.e.

69 V. Lenhossek, M., "Der feinere Bau, etc.," p. 159, 1895.

70 Flemming, I.e.

71 Buhler, I.e.

72 Szczawinska, I.e.

•j^ Paladino, G., "Sur la constitution morphologique du protoplasma des cellules nerveuses," Arch.

It. de Biol., XXIX, p. 60, 1898.

74 Pfliike, Max, "Zur Kenntniss des feineren Baues der Nervenzellen bei Wirbellosen," Zeit. f. Wiss.

Zool., LX, p. 500. 1895.

75 Eve, I.e.

76 McClure, Charles F. W., " The Finer Structure of the Nerve Cells of Invertebrates," Zcologische

Jahrbucher, Abth. fur Anatomie, XI, p. 13, 1897.
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From Teleostei : cells of cord of Aniiurus catus.

In all cases this substance in the cell body, although distributed dif-

ferently, stained with toluidin blue and gave the reactions for iron and

phosphorus. In all cases tried the substance was found to be insoluble

in pepsin and hydrochloric acid but to be easily altered by dilute

alkalies.

The widespread occurrence of this substance in such diverse forms has

been taken by some (Rohde," Marinesco™) to indicate that this material

is an essential constituent of all nerve cells. This, however, is not the

case, for in 1895 Biihler"' described the cells of the forebrain oi Lacerta

agilis as frequently devoid of Nissl granules, and I find that the vast bulk

of the nerve cells of the Urodela are absolutely devoid of them. It will

therefore be necessary to enter into a detailed account of the nerve cells

of these forms.

Several specimens o{ Necturus,Ai7iblystoma, Plethodoji and Diemyctylus

were obtained and the cord, brain and ganglia fixed in different fluids.

A series of a Salamandra larva was also examined^" and series of larval

Amblystoniata of various ages were made. The nerve cells of all

these different forms were found to correspond in their structure and

characters.

In the nerve cells of these animals the cytoplasm, instead of holding

granules which contain iron and phosphorus and which stain with basic

dyes, is often free from iron, phosphorus or substance staining with

toluidin blue, and on the other hand, their nuclei, instead of containing

very little basophile substance, abound in granules of such basophile

material. This is true of ganglion, retinal and central nerve cells.

If one fixes in Flemming's fluid and stains with his orange method

there is no gentian-stained substance in the cell body while the nucleus

is filled with granules and threads which stain deeply with the gentian.

If instead of the orange method one uses safranin and light green,

according to Benda's process, one finds all the substance staining with

safranin confined to the nucleus.

In material that has been fixed in alcohol or in sublimate, and stained

77 Rohde, I.e.

78 Marinesco, G. " Recherches sur la biologic de la cellule nerveuse," Arch. r. .\nat. und Phys.,

Phys. Abth., 1899, p. 89.

79 Buhler, Anton, " Protoplasma-Structur in Vorderhirnzellen der Eidechse,' Vcrh. d. phys. med

Gcs,, Wiirzburg, Stahel, 1895.

80 For :his privilege I am indebted to Dr. J. Stafford.



SCOTT : STRUCTURE, MICRO-CHEMISTRY AND DEVELOPMENT OF NERVE CELLS 25

with eosin and toluidin blue, there is in the bodies of most nerve cells

no blue-stained substance, while the nucleus is full of blue-stained

granules and threads (Fig. 5). On staining sections in the Ehrlich-

Biondi mixture, one finds the cell body is red, but all the nuclear chro-

matin is greenish, and there is no difference in the staining reactions of

the nuclei of nerve and neuroglia cells such as is found between these

cells in mammals.

The -reactions for iron (Fig. 7) and for phosphorus (Fig. 6) show there

is no iron and little phosphorus in the bodies of most nerve cells.

In a few cases a little basophile substance was observed in the cell

body. In these the cytoplasm also contained a slight amount of

iron and phosphorus-holding substance, but the much greater part of this

substance, or of the substance staining with basic dyes, is in the nucleus

A sufficient number of specimens to determine the cause of the presence

or absence of this slight amount of basophile substance in the cytoplasm

have not been examined, but when it is present, it is most frequently

diffuse and not in granular form, although the latter, in rare cases, has

been seen.

On digestion little material is dissolved from the nucleus, but the

oxyphile substance, which was present in traces previously, has now

disappeared (Fig 9). Those cells which contain a little basophile sub-

stance in the cytoplasm retain it after digestion.

The action of alkalies on the nerve cells of these animals is similar to

their action on the neuroglia cells of the adult, or on the nerve cells of

embryo mammals. Thus, after six days in a solution of potassium

hydrate (0.2^) the nuclei still held a large quantity of material which

contained iron and phosphorus, and which stained with toluidin blue.

This same solution had removed all the basophile material from the

cytoplasm of the nerve cells of adult mammalia in a few hours, but the

nucleolus of the nerve cell and the neuroglia cells stained with basic

dyes after six days, and the same was true of the embryonic nerve cells

of mammals. The nuclei of the neuroglia cells of these Urodela, as in

mammals, resist the action of alkalies. There is, therefore, in the

former, no difference with respect to the action of alkalies between the

nuclei of nerve and neuroglia cells. The slight amount of the basophile

material present in some cells is easily and quickly altered by the

alkali.

For some reason, the transformation and diffusion of the chromatin

has not proceeded, in the cells of the Urodela, past a certain stage, cor-
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responding to stage 2, given above for mammalian development. Com-
pare Fig. 15, which is the nerve cell of an iimm. pig, with Fig. 5, which

is the motor nerve cell of an adult Necturus, fixed in the same fluid and

stained with the same dyes. Besides the staining reactions the effect of

alkalies or of digestive fluids is practically the same in both cases.

Levi*^^ has examined the nerve cells of different types of Vertebrata

( Vespertilio, Cavia, Cams, Bos, Testudo, Zamenis, Rana, Triton, Proteus,

Spelerpes, Tinea, Raja, Scylliuni, and Petromyson), and has noticed the

peculiar nature of the nucleus in the cells of the Urodela. He offered

no explanation of the peculiarities of these cells, nor did he draw any

conclusion about the nature of the substance in the cytoplasm of other

forms.

A comparison of nerve cells of larval Ainblystoniata with those of the

adult form shows them to be exactly similar. There is no transforma-

tion, except to a slight degree, of the chromatin into an oxyphile and a

basophile part. I have noticed that those cells of the adult that had a

little basophile substance in the cell body also had some oxyphile

substance in the nucleus.

There are other forms that have not yet reached the adult or mam-
malian degree of differentiation. Thus in Limax and Limncsa (and

from the descriptions of Pfliike and McClure, in all Gasteropods) the

cells have stopped developing at a stage between 3 and 4 of the mam-
malian development. There is a quantity of iron and phosphorus-

holding substance in the body of the nerve cell, but the nuclear chro-

matin is peculiar. It is not affected by digestive fluids, it stains green

with the Ehrlich-Biondi stain, it stains with safranin, and is generally

purplish with eosin and toluidin blue, although, by long action of eosin

and short action of toluidin blue, it may be quite red.

Other forms (earthworm and crayfish) were also noticed to vary

slightly from the mammalian type. I believe that if the nerve cells of

all adult animals were examined, one would find a complete series in

the diffusion of the chromatic substance to the cytoplasm.

81 Levi, G., "Sii alcune particolarita di struttura del nucleo dclle cellule nervosa,"' Rivista di patho-

logia nervosa e mentale, Vol. I, p. 141, i8<)6.

Also: " Ricerche citologiche comparate sulla cellula nervosa dei Vertebrati." Ibid., Vol. II. pp. 193 and
244, 1897.

(Both papers inaccessible, quoted from the Zoologischer Jahresbericht for 1806 and 1897.)
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IV.

—

Some General Considerations on the Structure of

THE Nerve Cells.

It may seem strange to revert to this subject, but owing to the fact

that the Nissl granules M^ere thought to be cytoplasmic structures, sever-

al views concerning the structure of nerve cells have been advanced

that would not have been if the true nature of the granules had been

known.

The first question is, whether the Nissl granules are formed elements

of the cell body, or are precipitated while the cell is dying or when

it is affected by the fixing agent. Held^" accepts the latter ex-

planation, as he claims to have seen fresh cells in which there were

no granules but a homogeneous cell body. On standing for a few min-

utes the cells become granular, thus showing the granules were precipi-

tated while the <:ells were dying. On adding water to the cells they

become vacuolated, but the vacuoles would collapse on adding a fixing

agent, thus leaving the granules around a vacuole. Held also believes

that the granules are soluble in alkalies, and that the normal reaction of

the nervous system is alkaline, but it becomes acid shortly after death,

and that this is the reason the cells contain vacuoles in tissue hardened

in alkaline alcohol.

V. Lenhossek and Flemming say the granules are visible in the fresh

condition shortly after death. Each animal has a typical form of gran-

ule in the spinal ganglion cell, whatever fixing fluid has been used,

which could not be if the granules were precipitated either in dying

or with the acid reagent.

BUhler maintains that the granules are not seen in a fresh state, or

even in a fixed condition, but this is no argument for their non-existence

in the living cell, for the nucleus is often invisible in a fresh state.

Ruzicka believes the granules are only due to differentiation in stain-

ing, because if you overstain you do not see them, and if you extract too

much they are invisible.

I agree with Held and Buhler that these granules are invisible in a

fresh condition, and with Buhler also that the granules are hardly visible

as such in the fixed cell. Ifone examines an unstained section of a spinal

82 L, C, l8q5.
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ganglion, one cannot be sure that there are distinct granules in the cell,

but the chromatic substance is responsible for its optical appearance, for

the periphery of the cell is homogeneous, and does not resemble the cen-

tral parts where we usually find the granules. The cone of origin, and

the layer around the nucleus, described by v. Lenhossek as free of gran-

ules, are also homogeneous.

For observing fresh nerve cells I used the retina, because one can

examine nerve cells in this organ more easily and more quickly than in

any other place, and because the retina is transparent, and does not need

to be crushed or removed from its normal medium for examination.

The eye was generally excised immediately after death, but it was often

half an hour before it was opened and the retina placed in some vitreous

humour. It was laid on the slide with its nerve-fibre layer uppermost,

and a cover slip placed upon it. Observing such a preparation, one can

frequently detect absolutely no structure in the retina, other than the

blood corpuscles in the vessels, even with the best lenses. After a few

minutes, the rods and cones come into view, and then, after a consider-

able time (sometimes an hour) the outlines of the ganglion cells appear,

but for a longer time the cells themselves are homogeneous. Eventually

the nuclei of these cells become visible, and still later the cytoplasm

becomes turbid.

One might quite as properly contend that the retina did not exist in

life except as a homogeneous substance, and that the cells were precipi-

tated in dying or by the fixing reagent, as that because the Nissl granules

are not seen in a fresh condition, they are not formed elements of the

cell. We have seen that the granules are not soluble in alkalies, so that

argument of Held's on the present point is valueless.

Since it might be argued that it was one of the properties of the retina

to be transparent the cells of the cord and cortex of young animals also

were examined. These were killed by decapitation, the skull or verte-

bras opened and a small piece of tissue taken and put in a drop of

methylene blue. A cover was placed on the preparation and gently

pressed till the latter was transparent enough for observation. The
cells were found to have a granular appearance, resembling what

would be found if the tissue had been fixed, embedded and stained with

toluidin blue, and this within two minutes of death.

Held lays stress on the fact that different fixing agents produce a

different form of granule. It is well known that different fixing fluids

83 Turner using methylene blue on fresh brain has observed the normal appearance of the cells shortly

after death.
;
Brain, part I, page 100, 1899, also Journal ot Mental Science, 1898.



SCOTT : STRUCTURE, MICRO-CHEMISTRY AND DEVELOPMF.NT OF NERVE CELLS 29

produce slight differences in distribution of all chromatin, and different

fixing fluids also form a slightly different intergranular substance which

would cause the granules to have a different appearance.

Putting all things together we may conclude that during life the

granules have the same refractive index as the remainder of the cell, but

that they are formed elements in the cytoplasm as much as ordinary

chromatin is a formed part of the nucleus. It is probable that all

chromatin is more or less plastic, for different fixing fluids produce a

slightly different disposition of chromatin in the nuclei of all cells. It

seems to me to be impossible to answer Flemming's objection that the

cone of origin of the process of spinal-ganglion cells is always free of

granules, if the latter are precipitated elements in the cell.

Many authors, including De Quervain,^* Held, Flemming, v. Lenhossek

and others, consider the Nissl granules are made of fine particles em-

bedded in another substance. It is true that the Nissl granules,

in the different cells, but more particularly in the spinal-ganglion

cells, do not appear homogeneous. Is this due to one kind of

substance embedded in another different substance, or is it due

to irregularities in contour of the same substance ? 1 think the

latter is the correct explanation. In sections iji thick and stained with

eosin and toluidin blue, iron-alum haematoxylin or other dyes, or treated

to liberate the " masked " iron, the same result was always obtained
;

the granules appeared homogeneous but of different densities. The edges

of the granules are never straight, a circumstance that many have

noticed, and thus a section of the cell must contain different thicknesses

of the material. The granules often contain vacuoles, which would

also tend to give them a heterogeneous appearance. The vacuolated

appearance is also due to inequalities of the surface of the granules, for

one can see in almost every preparation how a section at right angles

to the plane being examined would appear to leave cavities in the

chromatic material.

I do not intend to discuss in this paper the arrangement of the Nissl

granules in the cell, and shall refer only to the presence or absence of

these granules in the axis cylinder and cone of origin of this process.

The history of development would tend to show that the Nissl granules

would not be found in the axis cylinder process, and this is what all

observers who have worked with material that had been fixed and then

84 De Quervain, Fritz, " Ueber die Veranderung- des Ceiitralnervensystems bei experimenteller Kachexia

thyreopriva der Thiere," Virchow's Archiv. CXXXIII, p. 527, 1893.
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Stained, have observed. Dogiel,**^ however, finds the cone of origin and
axis cylinder itself are finely granular, and considers the Nissl granules

are formed by the running together of these fine grains. Dogiel's

method consists in staining the fresh material in methylene blue, fixing

in ammonium picrate, and transferring to a mixture of ammonium
picrate in glycerine, where the tissue remains for some time, in order to

get sufficiently transparent for examination.

Using this method on the retina, and spinal and sympathetic ganglia,

one obtains figures of cell-structure exactly resembling the figures of

Dogiel. In this way spinal ganglion cells were obtained with the cone of
origin, and the process filled with bluish-black grains resembling some of

Dogiel's figures. This structure must be considered entirely artificial,

for these grains occur more or less uniformly throughout the whole
preparation, and the examination of tissue before and after fixation

shows that they are formed by the precipitation of uncombined colouring

matter. Examining the cells, stained in methylene blue, but not fixed

in the picrate, one sees they are either granular, t.e., the Nissl granules

only are stained or they are uniformly stained, z>., the intergranular

substance is stained as well as the granules, but if one puts the same
cells through the fixing process, one finds fine dots of precipitated

colouring matter all over the cells. This can be most easily followed in

the retina, as little or no teasing of the preparation is necessary, and
errors from that source are avoided. If one stains a retina with methy-
lene blue, and examines it after washing as much of the colour as possible

out of the preparation, one will find the nerve fibres are uniformly

stained
;
but, if one puts the same retina through the fixing process, and

then examines again, one sees the nerve fibres are filled with spindles

and round masses resembling what Dogiel figures. The same change
may be followed in sympathetic and spinal ganglia, in which uniformly

stained cells become covered with precipitated colouring matter in

the process of fixation. The Nissl granules have, in the fixed prepara-

tions, a different tint from this precipitated colouring matter, and could

not be formed by the running together of these masses, even if the

latter were elements of the cell. From my observations on prepara-

tions stained by Dogiel's process, I have concluded that his method
is one of the best to show the morphological connections between the

8s Dogiel, A. S., 1. c. and "Die Structurder Nervenzellen der Retina," Archiv. f. Mik. Anat., XLVI,
p. 394, 189s.

Also: " Zur Fragc uber den feineren Bau des Sympathischen Nervensystems bei den Saugethieren,"
Arch. f. Mik. Anat., XLVI, p. 305, 1895.

Also: "Zur Frage uberden feineren Bau der Spinalganglien und;deren Zellen bei Saugethieren," Inter.

Monat. f. Anat. u. Phys., XIV, p. 73, 1897.
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cells, but that it gives entirely artificial appearances in the cytoplasm of

the cells.

The true structure of the cytoplasm of nerve cells has been the object

of much investigation by Flemming, v. Lenhossek, Dogiel, Held, Lugaro,

Cajal, Marinesco, van Gehuchten, Cox, and many others, in fact, nearly

all the works mentioned contain references to it, and there are good
reviews of the literature in van Gehuchten, and in Goldscheider*^ and

FlataU. The question is whether there are independent fibrillae, or

fibrillar forming a reticulum in the cell, or whether the cytoplasm has a

foam-like structure.

In this paper I do not intend to discuss the structure of the cytoplasm

but shall point out, that since the substance of the Nissl granules does

not diffuse into the cell body before the structure of the cytoplasm is

determined, (in other words, these are superadded to the cytoplasm),

they cannot be a part of the fibrillae or reticulum. Thus the Nissl gran-

ules are not thickenings of the protoplasmic fibrillse, or are not the nodal

points of the cy-toplasmic reticulum, but are independent of the cytoplas-

mic structure ; and although the fibrillae, if they exist, might even run

through the granules, they would never lose their independence. Several

of the above-mentioned authors have reached the same conclusion, but

could give no definite proof of its truth.

No definite conclusion has been reached as to whether the nucleus

keeps sending new material from the nucleolus to the cytoplasm,

during the life of the cell. If it does give out new material to the cyto-

plasm it certainly does not do so in the manner described by Rohde.
The latter has described the migration of the accessory nucleoli into the

cell body to become the Nissl granules, and the migration of the ordi-

nary nucleoli to become the nuclei of neuroglia cells. He used iodine

green and fuchsin as stains, and found the accessory nucleoli (which are

only masses of oxyphile substance) resembled in their staining power
the Nissl granules. Iodine green and fuchsin form a difficult combination
to differentiate exactly, and the two appearances described by Rohde'^
can be obtained by a little longer or shorter differentiation

; in any case,

the resemblance of the staining properties of the oxyphile nuclear sub-

stance to the Nissl granules is much better seen by using Flemming's
orange method (vide ante). Rohde says that by staining with iron-alum
haematoxylin and long differentiation, the accessory nucleoli retain the

stain longer than any other part, and thus the process of migration of

86 GolJschelder und Flatau, "Anatomie der Nervenzellen," Berlin, i8<i8.

87 L. c, p. 70s.
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these bodies can be easily followed. I find it is not the accessory

nucleoli that retain the stain but the ordinary nucleoli themselves. In

all places examined by Rohde (spinal and sympathetic ganglia) it is

well known that several nucleoli are found, as can be easily seen by
staining with toluidin blue. In the cells of the cord where one nucleolus

is the rule, it is this nucleolus which retains the iron-alum haematoxylin

stain, and not the neighbouring oxyphile substance.

If these nucleoli which retain the haematoxylin stain are outside the

nuclear membrane they are artificially brought there. One can some-
times find, as V. Lenhossek has pointed out, the nucleolus pulled out of

the spinal ganglion cell. He believes this occurs because the nucleolus

is loosely attached to the linin thread, or because the nucleolus is very
nard under certain conditions. I have never seen a nucleolus outside

the nuclear membrane in the cells of the cord, and in ganglia that have
been fixed in sublimate this appearance is far more common than it is in

material that has been fixed in alcohol. The fact, (and I have carefully

examined my preparations to see that it is a fact), that where more than
one cell have their nucleoli displaced in the same section the direction

of the displacement of the nucleoli is always the same, shows that

these have been displaced in cutting. One can make the appearance
of migrating nucleoli quite common, if one cuts sections, i or 2 ,a

thick, of ganglia fixed in sublimate, but all the apparent migration is in

the same direction. If, however, thicker sections are cut, or if material

that has been fixed in alcohol is used, the appearance may be said to be

non-existent.

Holmgren^ also believes in the migration of formed masses of

the nuclear chromatin to the cytoplasm. In the cells of the spinal

ganglia of Lophius he has described the migration of the chromatin out

of the nucleus to form the Nissl granules, the migration of accessory

nucleoli, and the passage of the Nissl granules back into the nucleus

These changes are brought about through the agency of the micro-centre

with its radiating threads, and are supposed to be different stages in the

activity of the cells. Some of the cells observed so differed from the

usual condition that they could only be considered as dying, and yet it

is from cells in the same ganglia that these changes are described.

Holmgren tries to justify his position by a study of the cells of Acan-
tktas, Gadus, Raja, and Rana, in which similar conditions were observed.

In the spinal ganglion cells of Rana I have never observed such con-

ditions, except in cases which are manifestly artifacts made in cutting, as

88 Emil Holmgren, " Zur Kenntniss der Soinalgang-lienzellen von Lophius piscatorius Lin." Anat.
Hefte. XXXVIII, p. 71,1899.
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described before, nor have I noticed any difference in the staining power

of the nuclear membrane next the micro-centre, although I have observed

many of the different conditions of the cell with respect to the distribu-

tion of the granules described by Holmgren. Thus, after the chromatin

has once diffused from the nucleus, nothing occurs, in my opinion, to

indicate the renewal of the granular substance from that organ. I do

not deny that such renewal may take place, but if it does, it is in solu-

tion and not in formed masses. Further investigation, however, is

necessary to decide this point.

Concerning the reason for the diffusion of the chromatin from the

nucleus, it may be to aid physiological action, for it is a general

rule, which no physiologist would now deny, that an iron-holding

nucleo-proteid is necessary for the cell to carry on its normal function.

These compounds are generally confined to the nucleus, but they occur

in the cell body of all gland cells. It seems to me that it would aid

physiological action in having these nuclein compounds in direct contact

with the cytoplasm of the nerve cells, for in this case the cytoplasmic

action would not- be delayed by immediate participation of the nucleus.

Thus cytoplasmic impulses may pass from one process of the cell into

another without going through the nucleus, which could not happen if

the chromatin had remained in the latter.

V.

—

Conclusions.

The Nissl granules are of a nucleo-proteid nature, since they contain

" masked " iron and organic phosphorus, and are derived from the nu-

clear chromatin of the germinating cells. Pepsin and hydrochloric acid

do not dissolve them, nor are they dissolved by alkalies or acids which,

however, liberate the iron, and in consequence of this their staining re-

actions are altered. Digestion with pepsin and hydrochloric acid does

not affect the occurrence of iron and phosphorus in the granules.

The nucleolus consists of an oxyphile centre with a basophile

covering. The basophile covering seems to correspond to the original

kinetic chromatin of the germinating cell. It contains iron and phos-

phorus, and alkalies extract the iron very much more slowly from it

than they do from the Nissl granules.

The oxyphile nuclear substance is also a nuclein compound since it

contains iron and phosphorus. It is readily dissolved in pepsin and
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hydrochloric acid. It is altered but not dissolved by acids and alkalies,

which liberate the iron from it. The alkali acts much more slowly in

removing the iron from this substance than from the Nissl granules.

The three nuclein compounds of the adult nerve cell are derived from

the mitotic chromatin of the primitive nerve cell. It follows from this

that the Nissl granules are constituted of chromatin that has diffused

from the nucleus into the cytoplasm.

A substance analogous to that of the Nissl granules is found in the

nerve cells of most animals, but not in all, as it is rarely present in the

nerve cells of the Urodela. Those animals, whose nerve cells are devoid

of this material, have chromatin in the nuclei of such cells similar

to that found in the nuclei of the cells of other tissues.

The Nissl granules are morphological elements of the cell, and consist

of one substance. They have the same refractive index as the cyto-

plasm during life, and are not found in the axis cylinder process.

All the results obtained go to support the view that all iron-holding

nuclein compounds are derived from pre-existing ones, and in mitosis

all the iron-holding substance of the cell is confined to the nuclear chro-

matin.
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EXPLANATION OF PLATE

Note.—All figures were drawn to the same scale with the aid of Abbe's camera
lucida, as seen under the Leitz 1-12 homog-eneous immersion lens, with compensation
ocular 12 of Zeiss.

Fig. I.—Motor nerve cell of cat. Alcohol, eosin, and toluidin blue.

Fig. 2.—Spinal gang-lion cell of frog. Bichloride-bichromate, eosin, and toluidin blue.

(To show the occurrence of granules in the Anura, as distinguished from
the Urodela.

)

Fig. 3.— Motor cell of cat. Alcohol, ammonium molybdate in nitric acid 7 hours, phenyl-

hydrazin hydrochloride.

Fig. 4.—Motor cell of cat. Alcohol, acid alcohol 5 hours, hsemaloxylin.

Fig. 5.—Motor cell of Nectums maculosits, Raf. Bichloride-bichromate, eosin and tolui-

din blue. (Many cells have far more basophile substance in their nucleus
than this one, which was selected to show the cytoplasm. It is the only
cell in which anything like a fibrillar structure was observed.)

Fig. 6.—Motor cell of Nectums. Alcohol, ammonium molybdate in nitric acid 7 hours,

phenylh3-drazin hydrochloride.

Fig. 7.—Motor cell of Nectums. Bichloride, acid alcohol 6 hours, potassium ferro-

cyanide.

Fig. 8.—Motor cell of cat. Alcohol, section digested in pepsin and hydrochloric acid 20

hours, ammonium molybdate in nitric acid 12 hours, phenylhydrazin hydro-
chloride.

Fig. 9.—Motor cell oi Nectums. Alcohol, eosin and toluidin blue.

Figs. 10 and 11.—Nuclei of motor cells of dog. Bichloride-bichromate, piece ^mm.
thick treated with sodic hj'drate 0.2% for 6 hours, section 0.5% gold chloride

20 hours, formic acid very dilute in light, 10 hours.

Fig. 12.—Germinating cell, 7mm. pig. Bichloride-bichromate, eosin and toluidin blue.

Fig. 13.—Germinating cell, 11 mm. pig. Bichloride-bichromate, acid alcohol 6 hours,

potassium ferrocyanide, eosin.

Fig. 14.—Germinating cell, iimm. pig. Bichloride-bichromate, acid alcohol 6 hours,

haematoxylin, eosin.

Fig. 15.—Neuroblast from iimm. pig. Bichloride-bichromate, eosin and toluidin blue.

Fig. 16.—Neuroblast from 14mm. pig. Bichloride-bichromate, eosin and toluidin blue.
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Fig. 17.—Neuroblast from 15mm. pig-. Bichloride-bichromate, eosin and toluidin blue.

Fig. 18.—Neuroblast from 15mm. pig-. Bichloride-bichromate, eosin and toluidin blue.

Fig. 19.—Neuroblast from 15mm. pig. Bichloride-bichromate, long stain in eosin, short

stain in toluidin blue. The oxyphile nuclear substance appears redder than

it would be if the time of staining had not been altered. In this respect it

resembles the nuclear substance of Limax. (See text.)

Fig. 20.—Neuroblast of 15mm. pig. Bichloride-bichromate, acid alcohol 5^ hours

haematoxylin.

Fig. 21.—Neuroblast from 32mm. pig-. Alcohol, eosin and lohiidin blue.
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In the following pages I have endeavoured to describe the results of

observations which I have made during the last five years on the

structure of certain types of non-nucleated organisms. These studies

are not as complete as I would wish them to be, especially in the case of

Bacteria, for only a few of the forms of the latter accessible to me were

of sufficient size to enable me to employ all the micro-chemical methods

used in the case of the Cyanophyceae and Saccharomyces, but the

results described may prove of service to other investigators in the same
line, and at the same time stimulate the employment of comprehensive

methods of technique in the study of non-nucleated organisms. It is

doubtful if the ordinary or more complicated methods of staining which

have been used in this department give results which are of the morpho-
logical value possessed by results obtained in this way in more highly

specialized animal and vegetable cells. The existence of a nucleus in

these low forms of life, if not denied by the great majority of observers

is at least in dispute. If it is absent what takes its place ? Is chromatin

present or does there exist in them an analogous substance ? As there

are in many animal and vegetable cells other substances which may take

up dyes, more especially of the aniline kind, it is obvious that staining

methods alone are not sufficient to enable the observer to determine the

solution of questions like these in regard to the lowest forms of life. A
more satisfactory determination of such questions can be made only with

methods which comprehend micro-chemical reactions of definitely

ascertained values.

It may be pointed out also that it is in these low forms of life that we
must look for a key to the secret of the origin of the cell nucleus, as well

as for data to determine the morphological character of the primal life

organism. It is of course suspected by many that in Saccharomyces the
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4 MACALLUM : CYTOLOGY OF NON-NUCLEATED ORGANISMS

cell as it is now found does not represent what it once was, that it is the

product of the degradation of a higher form of cell. In that case it may
be contended that one cannot obtain from the present structure of the

cell data which can be of service in ascertaining what the structure of

the primal cell was. If the yeast cell, which, as I claim, is non-nucleated,

is the product of the degeneration of a higher type of cell, of, for

example, a nucleated cell, an examination of it may still serve a

purpose in assisting in determining the origin of the cell nucleus, for we

can then ascertain how in the yeast cell its surplus of chromatin is

distributed in the cytoplasm in all conditions, and this may possibly

indicate to us in what manner the original non-nucleated cell disposed

of the excess of the analogous chromatin compound.

From this point of view, therefore, the employment, not only of

methods of staining, but also and particularly of micro-chemical

processes in the investigation of these low forms of life is absolutely

necessary if results of any value are to be obtained. These methods I

have endeavoured to employ to a certain extent and this constitutes the

excuse for adding one more contribution on the subject.
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THE CYANOPHYCE^.

I.—LITERATURE.

The first to examine carefully the structure of the Cyanophyceae was

Schmitz/ who found in the cells of Glczocapsa polyderniatica a homo-

geneous central portion which stained with haematoxylin and represented,

as he thought, the nucleus of the cell. He found also that there were in

the cell substance a number of spherules of unknown composition, to

which he applied the term " Schleimkugeln." In the cells of Oscillaria

princeps, after being stained with haematoxylin, he observed a dark,

spherical, somewhat excentrically placed body which he regarded as a

nucleus, but he was unable to demonstrate its presence in all preparations

of this form.

Further observations,' however, led Schmitz to regard the cells of

Cyanophyceae as non-nucleated and the supposed nuclei of Glcsocapsa as

simply very large chromatin granules which react with haematoxylin like

the chromatin granules of the nuclei of higher organisms. He dis-

tinguished in Oscillaria princeps a peripheral, finely punctated zone in

each cell which stained with haematoxylin less deeply than the central

portion.

In a later work ne denies the existence of a chromatophore and claims

that the functions performed in the special parts of highly differentiated

cells, are in the Cyanophyceae the property of the cell protoplasm

generally.

Tangl* also was unable to determine the presence of a nucleus, but

he found a chromatophore in Plaxonema Oscillans. According to

Wille,^ however, a nucleus exists in Tolypothrix lanata. After being

stained with a dilute or a concentrated haematoxylin solution, preferably

the latter, the nucleus appeared faint blue, the nucleolus, on the other

hand, intense blue, while the remaining cell contents were scarcely

stained. In the dividing eell he observed two nuclei, each with a

1 "Untersuchungen iiber den Zellkerne der Thallophyten," Sitzungsb. der Niederh. Gesell. fiir Natur

—

und Heilkunde zu Bonn. Sitz. vom August 4, 1879, p. 355,

2 " Untersuchungen iiber den Strukter der Protoplasma und der Zellkerne der Pflanzenzellen," Ibid,

Sitz. am Juli 12, 1880, p. 159,

3 " Die Chromatophoren der Algen," Bonn, 1882, quoted by Deinega.

4 '* Zur Morphologie der Cyanophyceen," Wien, 1883.

5 " Ueber die Zellkerne und die Poren der Wande bei den Phycochromaceen," Berichte d. deutsch.

bot. Gesell., Vol. I, 1883, p. 243.
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6 MACALLUM : CYTOLOGY OF NON-NUCLEATED ORGANISMS

nucleolus, and in another stage of division he found one nucleus with

two nucleoli. The next observer, Lagerheim, found no nucleus in

Glaucocystis Nostochinearum. The chromatophore in the young cells of

this form is, according to his description, in the form of a band or thread

surrounded by the colourless elements of the cell, but in the older cells it

is composed of a large number of small granules which form a membrane

lying at some distance from the cell wall and enclosing the colourless cell

substance.

Reinhard- found in Oscillaria major (?) when fixed with picric acid

and stained with hasmatoxylin, a large granular nucleus with large

granules as nucleoli. The protoplasm contains large and small granules,

the former constituting the chromatophores. Hansgirg, although main-

taining the existence of a chromatophore and nucleus in Chroodactylon

Wolleanum, a unicellular blue-green form, held that in the thread-like

Cyanophyceae there is neither a nucleus nor a chromatophore and that

the cell protoplasm discharges the functions of both.

Borzi* found neither a nucleus nor a chromatophore. He distinguished

by micro-chemical methods, amongst the granules present, a kind the

examples of which are partly imbedded in the protoplasm and partly

applied to the cell wall. These granules are formed of a gelatin

substance, which he believes replaces starch in these forms, and which he

names cyanophycin. The granules, he believes also, are secreted in

dividing cells by the young transverse septa. In Nostoc, Anabcsna,

Spermosira, Cylindrospernnum and Sphaerozyga, the protoplasm of two

adjacent cells is connected by fine strands, sometimes of plasma, at other

times of cyanophycin, which pass through openings in the transverse

septa. These openings are specially marked in heterocysts in which

they closed by plugs of cellulose, protein or cyanophycin. Similar per-

forations were observed in the transverse septa in Oscillarice and Borzi

explains their function as that of uniting the protoplasm of all the cells

to enable them to act as a unit in the case of movement.

In his first publication^ on the subject of a nucleus in the Cyano-

phyceae, Zacharias stated that he found this organ in the terminal cells

1 " Ein neues Beispiel des Vorkommens von Chromatophoren bei den Phycochromaceen," Berichte d.

deutsch. bot. Gesell., Vol. II, 1884.

2 "Algologische Untersuchungen. I. Materialen zur Morphologic und Systematik der Algen des

Schwarzen Meeres," Odessa, 1885, (Russian). Abstract given by Deinega.

3 Ein Beitrag zur Kentniss von der Verbreitung der Chromatophoren und Zellkerne bei den

Schizophyceen (Phycochromaceen)," Berichte d. deutsch. bot Gesell., Vol. Ill, 1885.

4 Malpighia, Anno I, i886. Abstract in Bot. Centralbl., Vol. XXXII, p. 35, 1887.

5 "Beltragezur Kentniss der Zellkcrns und der Sexualzellen," Bot. Zeitung, 1887, Nos. 18-24,

[42]



MACALLUM : CYTOLOGY OF NON-NUCLEATED ORGANISMS 7

of Tolypothrix after treatment with a digestive fluid, and extraction with

alcohol and ether, and on examination in a solution of hydrochloric acid

of 0.3 per cent, strength. In this case the nucleus was demonstrated by

the nuclein lustre produced. The nuclein was extracted with a soda

solution of 0.05 per cent, strength from threads which had previously

been submitted to digestion. He found also in a species of Oscillaria,

after treatment with digestive fluids, a large nucleus, containing nuclein

network, in every cell. From such preparations the nuclein was removed

by extraction with very dilute soda solutions.

Scott^ has described the occurrence of nuclei and nuclear division in

Oscillaria and Tolypothrix. The nuclei were rounded, sometimes con-

tracted, and presenting evidences of a fibrillar structure like that ob-

served in the " skein " stage of the nuclei of more highly specialized

cells. Scott regarded this structure as due to the division of the nucleus,

as it was accompanied by division of the cell as a whole, and he found

in a few preparations indications of colourless striae connecting the por-

tions of the nuclear structure, and suggesting the idea of "achromatin

fibres." In some cells the nuclear fibrillae were broken up into smaller

portions which resembled the chromatin segments of division in ordi-

nary cells.

A second publication^ by Zacharias contained the results of a very

comprehensive research on the structure and micro-chemistry of the

cells of the Cyanophyceae. He found in all the forms examined by him

that only the peripheral portion of the cell substance is coloured, the

central portion appearing colourless. The coloured substance was more

abundantly present on the lateral than on the transverse walls. He was

unable to determine the existence of a chromatophore. Vacuoles were

not present in the normal cells, but made their appearance in threads

which were observed dying under the microscope. In Oscillaria, after

several days' culture, with the exclusion of light, vacuoles of an unde-

termined character were found to occur. In the colourless central por-

tion of the cells articulated or granulated structures, with one or two

bodies which possessed the appearance of nucleoli, could be recognized

in favourable cases. The nucleoli-like elements were colourless, spherical,

not sharply circumscribed, and appeared as if their peripheral substance

was of a denser consistency than their centre. A portion of the central

body of the cell was found to be soluble in artificial gastric juice, the

undissolved residue being composed of two substances, or of one only.

I. "On Nuclei in Oscillaria and Tolypothrix" The Journal of the Linnean Society, Botany, 1887,

Vol. XXIV. p. 188.

2 "Ueber die Zellen der Cyanophyceen," Bot. Zeitung, 1890, Nos. 1-5.
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One of these two, related to plastin in its characters, was always found

to be present ; the other, denominated the " central substance " (Central

Substanz), which might be absent, was found to be similar to the nuclein

of higher organisms in many respects. The substance of the nucleoli-

like elements was not found to differ from that of the nucleoli of higher

plants.

Zacharias discussed the question whether the central colourless body
represents a nucleus, contrasting it with the nuclei of higher forms of

vegetable life, and pointing out that in the Cyanophyce?e nuclein may
be present in some cells of a thread, but wholly absent in others, a con-

dition not observed in the tissues of more highly organized vegetable

forms. Nuclein was wholly absent in the dividing cells of Cyano-

phyceae, while division in the cells of higher organisms is always pre-

ceded by an increase in the quantity of chromatin or nuclein. On
account of such contrasts Zacharias regarded it as uncertain whether

the " central substance " of the Cyanophyceae represents the nuclein of

other organisms, and he concluded that the central body is different

in all its relations from a nucleus. The absence of a nucleus is. he

believes, associated in some way with the absence of a sexual process.

Biitschli,' in his studies on the structure of Bacteria and Cyano-

phyceae, came to the conclusion that in both the same type of structure

prevails. He found in the cells of the Cyanophyceae a peripheral

coloured zone of cytoplasm which stains feebly with haematoxylin,

enclosing a colourless " central body " which takes the haematoxylin

stain more strongly. The two structures are vesiculated, that is, pro-

vided with a honeycomb-like structure (Wabenstruktur). In the cyto-

plasm haematoxylin reveals, by the red colour which it gives them, a

number of granules, termed by Biitschli the " red " granules, which are

situated in the nodal points of the vesicles, and are more abundant and

larger at the periphery of the central body than elsewhere. These are

not to be found after the cells have been treated with hydrochloric acid

and pepsin, but he attributes their disappearance to the digesting re-

agent, having deprived them of the power of taking up dyes, since they

readily lose their power of staining when they are fixed with osmic acid,

corrosive sublimate, or with the picro-sulphuric or chrom-osmic-acetic

mixtures. He is inclined to regard them as composed of a substance

like chromatin in many respects. Other granules of a different nature

were found in the peripheral cytoplasm, and more particularly near the

transverse walls in Oscillaria, which exhibited an affinity for eosin, but

I
" Ueber den Bau der Bacterien und verwandter Organismcn," Leipzig, 1890.
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were wholly unaffected by hgematoxylin. The colouring matter of the

cell is disposed in the framework of the vesicles of the peripheral zone

and not in the fluid filling the vesicles (enchylema).

Regarding the nature of the central body Blltschli speaks positively.

It is^he maintains, the homologue of the nucleus of higher forms.

Zach'arias had at first held this view, but withdrew it/ because he found

that in the central body, in many Cyanophyces there is no nuclein, and

that, further, when such cells divide, there may be no nuclein demon-

strable in them, facts which are quite the reverse of those observed in

the typical nuclei of other forms. Zacharias admits that in some

animal and vegetable nuclei nuclein may be absent, and Butschli points

out the force of the admission, while he calls attention to the fact that

the absence of mitotic phenomena is no indication that the central body

is not a nucleus, for the macro-nuclei of Infusoria do not undergo mitosis,

but direct division. When the cells of OscillaricE were subjected to

the action of artificial gastric juice the peripheral layer wholly disap-

peared in some cases, while, in others, portions only of it remained, but

the "central body" was preserved, and resembled more markedly a

nucleus, retaining also its capacity for absorbing haematoxylin.

Fischer,' in the year following the publication of Biitschli's paper,

attacked the correctness of the methods of that observer, claiming that

the occurrence of a peripheral layer in the cells of Cyanophyceae and

Bacteria is an artificial production, in fact due to plasmolysis caused by

the fixing reagents and means used in the preparation of the organisms.

Fischer's observations were made on a limited number of small bacteria

and also upon unspecified Oscillarioe. In these the reagents employed

caused the shrinkage of the cell protoplasm from the cell membrane and

as the shrinkage was unequal, strands of cytoplasm were left extending

between the shrunken mass and the cell wall to simulate a peripheral

layer of vesiculated structure. This condition accounted for Biitschli's

results. Fischer denied even the existence of a colourless central body

in the Cyanophyceae.

Biitschli's^' answer to Fischer's objections was that, admitting some

reagents do produce plasmolysis in vegetable cells, this is by no means

frequent, and treatment with the reagents which he used, viz., picro-sul-

phuric acid with or without osmic acid, the chrom-osmic-acetic mixture,

1 Op. Git.

2 " Die Plasmolyse der Bakterien." Berichte der k. sachs., Ges. der Wissensch., Mat.-Phys. Kl.,

1891. p. 52.

- "Untersuchungen iiber mikroskopische Schaume und das Protoplasma," Leipzig:, 1892. p. 75-79-
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and osmic acid, when properly employed, do not result in this condition.

He pointed out further that the majority of the more recent investigators

of the structure of the Cyanophyceae had observed a colourless central

body whose existence Fischer denies, and that the latter did not make

sufficiently extended observations to justify such objections.

Deinega's^ observations were made on Oscillaria princeps, O. Froeh-

lichii, Aphanizomen flos-agucz, Nostoc sp., and Scytonema sp., and they

dealt chiefly with the question of the presence of a nucleus and of a

chromatophore, and with the nature of the granules in the cells of these

organisms. According to Deinega, a chromatophore is present, and

consists of a more or less perforated plate, apparently applied to the

inner surface of the cell wall, the trabeculae of the plate carrying the

colouring matter, and running parallel, in the greater number of cases,

with the trichome.

He found only one kind of granules, and these manifested a certain

special affinity for picrocarmine. In Oscillaria they occur chiefly in the

immediate neighbourhood of the transverse walls. They readily dissolve

in dilute hydrochloric acid and in chloral hydrate, while they remain

uncoloured in solutions of iodine. Deinega does not accept the view

of Cohn^ and Hansgirg^ that they are formed of paramylum, but he

believes that they are composed of an isomer of starch.

In regard to the question of a nucleus Deinega is undecided. He
repeated some of Zacharias' experiments with gastric juice, and found

that in each cell of Oscillaria, after treatment with this reagent, the

central body was provided with a nuclein lustre, but he attributes this

to the remains of the chromatophore. He found, when examples of

Spirogyra and other Algae were similarly treated, their nuclei vanished)

while the chromatophore remained and gave a nuclein lustre. The

central body of the cell in Cyanophyceae stained more deeply than

the remainder of the cell protoplasm, and consisted chiefly of a

collection of granules.

Zukal* regards the central uncoloured portion of the cell as the cyto-

plasm, and the coloured peripheral part as the chromatophore, which,

under very highly magnifying powers, appears finely punctated, the

1 " Der gegenwartige Zustand unserer Kentnisse iiber den Zelleninhalt der Phycochromaceen," BuUe"

tin de la Soc. impfer, des Naturalistes de Moscou, Annee 1891, p. 431.

2 " Beitrige zur Physiologic der Phycochromaceen."

3 "Physiologische und Algologische Studien" (1877).

4 " Ueber den Zellinhalt der Schizophyten," Sitzungsber. d. k. Akad. d. Wiss. zu Wien. Math.-Nat.

Klasse, Vol. CI, p. 3o'- '892.
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latter fact suggesting that the chromatophore is formed of an exceed-

ingly delicate reticulum. The granules, according to Zukal, are nuclei,

and as such divide, the divisions not being followed necessarily by

division of the containing cell.

Hieronymus^ found a thin hyaline layer enveloping the cellular pro-

toplasm, and applied to the internal surface of the cell membrane. The
chromatophore is, according to his view, of fibrillar structure, and on it

are arranged fine granules which appear to contain the chlorophyll.

The phycocyan is dissolved in enchylema. The central body is formed

of a wound fibril, and contains all the remaining granular elements,

which he regards as crystals of the regular system. The substance of

these crystals he calls cyanophycin, and though he recognizes that it

does not correspond in its character to nuclein, yet he looks upon it as

related to the chromatin and pyrenin of the higher organisms. The
central body is, further, an open nucleus, that is, a nucleus without a

membrane.

In reply to Zacharias^ who criticized his observations, Hieronymus^

maintains that there is only one kind of granules in the cells of Cyano-

phyceae, and that two kinds appear to be present because of the methods

of preparation. He found that when the fixed cells were treated with

ammonia vapour all the granules received a dark blue colour from

haematoxylin, and that all the granules dissolved in diluted acid solutions,

although they varied in the readiness with which they dissolved.

According to Palla* the cell in the Cyanophyceae consists of a colour-

less " central body," a coloured peripheral layer, the chromatophore, an

external investing colourless layer, and possibly also a colourless zone

(Plasmaschicht) situated between the chromatophore and the "central

body." The " central body " reacts with dyes like a nucleus, but it con-

tains no granules, and is homogeneous. Its division takes place through

constriction. The granules in the cell are of two kinds : one composed

of a substance, cyanophycin, soluble in dilute hydrochloric acid, and

which stains pure blue with haematoxylin, found usually in the extreme

periphery of the chromatophore, and representing the first assimilation

product of the latter ; the other, composed of a viscous substance,

insoluble in dilute acids, and staining reddish-violet with haematoxylin.

1 " Beitrag-e zur Morphologic und Biologic dcr Algen," Cohn's Bcitrage zur Biologic der Pflanzen, Vol.

V, p, 461, 1892.

2 " Ueber die Zellen der Cyanophyceen," Bot. Zeit., No. 38, i8q2, and No. 15, 1893.

3 "Ueber die Organization der Phycochromaceenzcllen," Bot. Zeit,, 1893, p. 73.

4 " Beitrage zur Kentniss des Baues des Cyanophyceen-Protoplasts," Jahrb. fur Wiss. Bot., Vol.

XXV, p. SI I.
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The second class of granules, which he identifies with the " Schleim-

kugeln " of Schmitz, are found in the immediate vicinity of the " central

body," but never in this structure, and rarely only in the chromatophore.

They are identical with the " nucleolus," the " central substance," and the

" red " granules of earlier observers, but their significance is unknown to

Palla. He calls attention to the fact that in the living cell they are

stained with methylene blue, which leaves unaffected peripherally placed

granules, formed of the " cyanophycin." The chromatophore has a

vesiculated structure, and the vesicular walls are free from colouring

matter, which is connected with numerous small granules placed in (?)

the vesicles.

In 1894 Fischer' reiterated his objections to Butschli's results, basing

these upon more extended studies of the structure of Bacteria.

Nadson's observations were carried out upon a large number of forms

fixed and stained in various ways. He found that the coloured

peripheral zone of the cell is not a chromatophore but that it is proto-

plasm containing phycochrome. This peripheral layer is vesiculated in

the sense of Butschli's " Wabenbau." The vesicles are filled with a plasma-

tic substance which is physically rather than chemically distinguishable

from that forming the walls of the vesicles. Chlorophyll and phycocyan

are, however, only in the walls. The central body is sharply differentiated

from the coloured zone and contains vesicles, but these are less readily

observable than those found in the peripheral layer, and they are filled

with a strongly stainable substance. Two kinds of granules are present.

Of these, one consists of those called '' red " by Biitschli, or the

" Schleimkugeln " of Palla and Schmidt, and according to Nadson are

composed of a substance closely corresponding to chromatin. Such

granules occur chiefly in the central body and in the walls of the vesicles,

and their number in a cell varies very much, but whether many or few

are present the cell is equally capable of division. The second kind o

granules, called by Nadson, the reserve granules, correspond to the

"cyanophycin " granules of Borzi and Palla, and are composed of a sub-

stance comparable to the starch of the Chlorophycea:?. They occur only

in the coloured zone, particularly in the neighbourhood of the transverse

walls. They colour with hrematoxylin blue-violet like the protoplasm

of the peripheral layer.

Nadson found a third kind of granules, probably of a plasmatic

1 " Untersuchungen liber Bakterien, " Jahrbuch fiir Wiss. Bot,, Vol. XXVII, 1894.

2 " Ueber den Bau des Cyanophyceen-Protoplastes," (In Russian with resume in German), Scripta

Botanica, Vol. IV, St. Petersburg, 1895. I have not, unfortunately, access to this publication and have

had to rely on the reference given in Botanischer Centralbl. Vol. LXIII. p. 238.
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nature, in the nodal points of the protoplasm in the peripheral zone. In

Merismopedia and Aphanocapsa the "chromatin" granules in division

arrange themselves in the form of a figure 8, which after division falls

into two circles.

The central body, in Nadson's view, is similar in many respects to the

nucleus of higher organisms, and doubtless corresponds to the same. It

may be regarded as the forerunner of the latter, but he doubts if all cell

nuclei are derived from it.

Macallum^ found that the stainable granules in the central body do

not dissolve when submitted to artificial gastric digestion, but they

disappear after treatment with a solution of potassic hydrate of o. i per

cent, strength for twenty-four hours. This treatment also deprives the

central body of its capacity of fixing colours in itself These facts were

held to indicate that a nuclein-like substance is present in the central

body and in its granules, and this view was confirmed by the demon-

stration of the presence, in these parts, of " masked " iron. The " cyano-

phycin" or "reserve" granules, which stain specially with picrocarmine,

may not contain "masked" iron and dissolve readily in dilute

solutions of hydrochloric acid. The substance forming these granules

was found to be unlike that constituting the granules of the central body,

which was held to be in many respects like chromatin.

Biitschli's- third contribution on the structure of the Cyanophyceae

appeared in the next year and in this he defends the views which he

advanced in his earlier publications on the subject, and criticizes the views

and observations of Deinega, Hieronymus, Palla, Nadson and Fischer. In

answer to the latter's objections he denies that the peripheral layer in

the cells of the Cyanophyceae and Bacteria in his preparations is due to

plasmolysis and shows that in some at least of the blue-green forms the

existence of a peripheral zone and a central body can be determined in

the living cell. In these forms, and especially in some OscillaricB, the

two parts may be set free through rupture of the cell membranes, and

then one can distinguish both parts as very distinct. Biitschli strives

particularly to show that the vesiculated (Waben) type of structure pre-

vails in both parts and in the two classes of organisms and for this

purpose gives photographs of living forms in which this structure

was distinctly demonstrated. He found also that the colouring

matter of the peripheral zone appeared to be dissolved in the sub-

1 ''On the Distribution of Assimilated Iron Compounds, other than Hsmoglobin and Haematins, in

Animal or Vegetable Cells," Quart. Journ. Micro. Sci.. Vol. XXXVHI, p. 175, 1895.

2 "Weitere Austiihrungen i'lber den Bau der Cyanophyceen und Bacterien," Leipzig, 1896.
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Stance forming the walls of the vesicles (Waben) and not in the

contents of the latter.

Amongst the points dealt with by Butschli were those relating to the

nature of the granules and to the homology of the central body. As in

his earlier observations he found two kinds of granules ; one staining

red-violet with Delafield's haematoxylin and called on this account

"red" granules; the other, in OscillaricB wsw^Wy adjacent to the transverse

septa and consequently in the peripheral layer, unaffected by haema-

toxylin but coloured red with eosin and called, after Nadson, " reserve
"

granules, or, after Borzi, " cyanophycin " granules. The "red " granules

are, at times, as Hieronymus and Palla found, hollow bodies. They
occur in both parts of the cell but they are chiefly found on or in the

outer portions of the central body imbedded in the nodal points of its

vesicles. This observation is opposed to the views of Zacharias and
Palla, who maintain that the central body is free from granules. The
substance forming them Butschli believes to be chromatin, and the

evidence in support of this view he finds in the staining properties of

the granules. Haematoxylin usually does not stain chromatin red or

red-violet, the exceptions being the granules formed of this substance in

the nuclei of Euglena and Diatoms, but the granules in the cytoplasm

of the latter and in some Protozoa give a similar red stain, a fact which

tells against "red " granules in Cyanophyceae being considered as com-
posed of chromatin. Butschli, however, found that in the living forms

the cytoplasmic granules which stain red with hzematoxylin colour red

with methylene blue, but the nuclear granules in Euglena and Diatoms
are rendered blue with this reagent. Now Lauterborn discovered that

in living Oscillarice methylene blue also gives a blue colour to the

granules which, in hardened preparations, stain red-violet with haema-

toxylin. These facts, Butschli thinks, indicate that the " red " granules

are formed of chromatin.

Butschli doubts if the "reserve" granules are formed of a carbohy-

drate, but he believes that the action of iodine solutions on material

which has been kept for a long time in alcohol points to the presence of

glycogen in the Cyanophyceae.

The central body BUtschli holds to be a nucleus. The objections to

such a view he deals with in detail and points out that the absence of

indirect division occurs al.so in the macro-nuclei of Infusoria, in nuclei of

AmoebcB, Dinoflagellata and Euglena, while he urges in answer to

Zacharias, who could find no nuclein in the central body either during

rest or division of the latter, that this does not diminish the suspicion

concerning the poverty of our micro-chemical methods
l5o]
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Zacharias^ confirms his earlier observations, except as to the presence

of nuclein in the central body, of which he is doubtful. He regards the

central body as differing in important points from the nucleus of other

organisms.

Fischer, in his recent publication, gives the results of a more extended

series of observations on the structure of the Cyanophyceae and Bacteria.

His first statement is a withdrawal of the view which he held that the

" central body " of Biitschli arose through plasmolytic contraction of the

contents of the cell, brought about by the hardening reagents used. He
finds, however, that Biitschli's description of the granules is far from

exact. In many of the forms haematoxylin colours some of the granules

blue, others red, in other forms all the granules may be coloured blue,

while sometimes again the granules may be stained red only. In

Biitschli's opinion the reserve granules, the " cyanophycin " granules of

Palla, do not stain with haematoxylin and, therefore, the granules which

colour blue with this dye, do not, according to Fischer, come into

Biitschli's classification of the granules. Fischer also found that all the

granules stain blue with haematoxylin after treatment with soda

solutions. On the other hand the " cyanophycin " granules in Oscillaria

tenuis, after fixation with alcoholic iodine solutions, do not stain with

haematoxylin, but they will do so if hardened with a four per cent,

solution of formol. The granules do not disappear after artificial

digestion (in pepsin and hydrochloric acid), nor on treatment with a ten

per cent, soda solution. From all these facts he concludes that the

differences in the staining power of the granules are due, not to differ-

ences in chemical composition of the granules, but to their physical

properties, and that the tests upon which Biitschli relied to show that

the " red " granules are composed of chromatin are valueless. He
regards the substance entering into the composition of all the granules

as an assimilation product or a reserve material.

In regard to Palla's contention that granules do not occur in the

"central body," Fischer found them in this organ as well as in its peri-

phery. None were observed in what he calls the chromatophore, the

zone of coloured protoplasm surrounding the " central body." Granules

exist outside this zone and, particularly, adjacent to the transverse septa,

a fact which leads Fischer to believe in the existence of a plasma zone

outside the chromatophore. The independent existence of the latter

organ he claims is .shown by the results of treatment with hydrofluoric

1 "On the Cells of the Cyanophyceaj," Report of the British Association, Liverpool Meeting:, 1896,

p. 102 1.

2 " Untersuchungen iiber den Bau der Cyanophyceen und Bacterien," Jena, 1897.
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acid, which dissolves everything else in the cell. Through the chroma-

tophore stretch radial strands of protoplasm from the central body to

the plasma zone on the inner wall of the cell. In pepsin and hydro-

chloric acid the volume of the contents is greatly decreased, but this is

not due to digestion of the peripheral portions chiefly and of the central

body partly as Zacharias and others believed, but to a contraction which

he terms enzymatic and which can be demonstrated in Spirogyra also.

In the shrunken parts the peripheral as well as the central parts are

present. Digestion experiments, therefore, give no certain conclusions

as to the special nature of the central body. The latter is in his view

simply a portion of the protoplasm enclosed by the chromatophore and

containing assimilation products. There is nothing to indicate that it is

a nucleus or the homologue of a nucleus. Nor is there any other organ

which may be held to represent a nucleus.

II

—

Methods of Study and Material Employed.

By hardening and staining highly organized animal and vegetable

cells in the way that cytologists usually employ, one may obtain pre-

parations which readily reveal the structure of these elements, but the

employment of these and other simple methods in the case of the Cya-

nophyceae are not at all as fruitful in results. One finds in such little

more than one can recognize in the living cells. It is with such and

similarly meagre methods that the majority of investigators in this field

of research have contented themselves when the apparently indifferen-

tiated character of the cells in these organisms should have suggested

the employment of a multiplicity of methods. It is only in this way
that one may obtain results which permit a generalization concerning

the structure of these forms.

The Cyanophyceae respond very sensitively to the conditions to which

they are subjected. This fact also has been overlooked or not suspected.

In a culture of them twenty-four hours will make a complete change in

some of the more important features of their cells, and at the same time

different parts of the same culture, not more than a few centimetres dis-

tant from each other, may present specimens of the same species in

which the cell contents are markedly unlike. It is to this fact that we may
attribute discrepancies in the descriptions, by the various observers, of

the structure of these organisms. To illustrate particularly how impor-

tant this point is, I may refer to Palla's observations on Glceotricha

pisuni. In single cells of this form he found large vacuoles, and more
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than one central body. The material which he used must have been in

a pathological condition, for it is only when Cylindrosperinum majus is

ill-nourished that any one of its cells possesses similar vacuoles and a

plurality of central bodies.

It is obvious, therefore, that a study of the cells of the Cyanophyceae

involves the employment of a large number of methods of manipulation,

and a regard for material in all conditions of nutrition. The latter

requisite also entails a careful attention to the various conditions in

which the organisms are usually found, and an acquaintance with the

modifications that a varied environment brings about. These conditions

and these modifications are, at present, not fully known, but what we do

know helps in determining what is the typical structure of the cell in

this class.

I have, therefore, in all cases used material from each species which

was found to be in an active state of growth. This is a safeguard of

great value. The material which one may collect from any locality

may be in the resting stage, a stage in which also, perhaps, changes

analogous to thpse of involution in Bacteria may manifest themselves.

The only material which one can confidently regard as normal is that

which grows in the laboratory, and which can be examined from hour

to hour, the change in the volume of the material being an indication of

its active growth.

The species' used in these studies were Microcoleus terrestris

Desmazieres (M. vaginatus Gomont), Oscillaria Froehlichii KUtzing

((9. limosa Agardh), Oscillaria natans Kutzing (O. tenuis Agardh),

Oscillaria tenerrima Kutzing {O. amphibia Agardh), Oscillaria p^Hnceps

Vaucher (O. maxima Kutzing), Cylindrospermum majus Kutzing, Toly-

pothrix tenuis KUtzing, Tolypothrix rupestris Kiitzing, Nostoc commune,

Rivularia sp., Glceocapsa polydermatica, Lyngbia sp., Scytonema sp.

The hardening reagents employed were : corrosive sublimate in

saturated aqueous solution, in saturated alcoholic solution, and in con-

junction with picric acid, picric acid in saturated solution, Flemming's

chrom-osmio-acetic mixture in strong and weak solution, osmic acid in

one per cent, solution, alcohol absolute and of ninety-five per cent,

strength. I have used also aqueous and alcoholic solutions of iodine.

The best preparations were made with the picric acid and corrosive

I Gomont, " Monopraphie des Oscillariies, (Nostocac^es homocyst^es)," Annales des Sciences Nat,.

7ieme Serie, Botanique, Tome XV, p. 263, Tome XVI, p. 01.

Also, Bornet and Flahaut, " Revision des Nostocac^es heterocyst^es contenus dans les principaux

herbiers de France," Annaies des Science Nat.. Botanique, 7ieme serie, Vols. Ill, IV, V and VII.
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sublimate reagents. The former was allowed to act for forty-eight

hours, the material was then placed in seventy per cent, alcohol, which
was replaced by a fresh quantity daily for a week, after which it was
transferred to alcohol of ninety-five per cent, strength. The corrosive

sublimate solutions were allowed to act for an hour only, and the sub-

sequent treatment with alcohol was the same as in the case of the picric

acid material. Material hardened in alcohol was used only for the iron

and phosphorus reactions.

The staining reagents found to be serviceable were Ehrlich's and
Delafield's ha^matoxylin solutions, Czokor's alum cochineal, safranin,

eosin, picrocarmine and methylene blue. Material hardened with

alcohol, picric acid or corrosive sublimate gave very valuable preparations

when stained with picrocarmine solution for twenty-four hours, then for

an hour with a dilute solution of haematoxylin. The picrocarmine

specially selects the granules which Borzi and Palla term " cyanophicin,"

while the haematoxylin thus employed stains the " central body " and its

granules particularly and the peripheral protoplasmic zone less dis-

tinctly. The " central body " in corrosive sublimate preparations is less

clearly differentiated from the peripheral zone.

There is one advantage in the use of picric acid which does away with

the necessity of resorting to transsections of the trichomes,for the reagent

seems to have some solvent or disintegrating effect on the substance of

the membranous sheath and of the transverse septa, the trichomes

breaking up, under the slightest pressure of the cover-glass, into the

separate cells which very frequently then are seen by their flat or end
faces.

The method of obtaining the reactions for "masked" iron in the

Cyanophyceae I have fully described elsewhere.^ The iron, liberated by
sulphuric acid alcohol, as indicated, was converted into Prussian blue,

the trichomes were then stained with a picrocarmine solution for twenty-

four hours when the cyanophycin granules acquired a deep red colour

which contrasts markedly with the Prussian-blue tint of the ironholding

granules. (Fig. 14). Instead of acid alcohol strong solutions of hydrogen

peroxide which contained traces of sulphuric acid were frequently used

to liberate the masked iron.

The demonstration and localization of organic phosphorus were effected

in the manner which I have indicated elsewhere,-' but I may here briefly

1 " The Distribution of Assimilated Iron Compounds, other than Haemoglobins and Hsmatins, in

Animal and Vegetable Cells," Quart. Jour. Micro. Sci., Vol. XXXVHI, p. 175, 1895.

2 " On the Detection and Localization of Phosphorus in Animal <-ind Vegetable Tissues," Proceedings

Roy. See. Vol. LXIII, p. 467, 1898.
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describe the method used. The material, after thorough fixation with

alcohol, was washed free from the latter with distilled water, then put in

the nitric-molybdate solution for three to six hours at a temperature of

35° C, and finally, after quickly washing in water, treated for a few

minutes with a one per cent, solution of phenylhydrazin hydrochloride,

which converts the phospho-molybdate into a bluish-green compound,

this colour reaction thus indicating the original distribution of the

organic phosphorus. To provide against the phosphorus demonstrated

being that of lecithin, the material was extracted with hot alcohol in a

Soxhiet apparatus for five hours.

The other methods resorted to included : digestion of fresh material

with artificial gastric juice and with alkaline solutions of trypsin, staining

of fresh material for twenty-four hours with acetic-methyl green and

subsequent fixation by saturated solutions of picric acid and the treat-

ment of fresh material with solutions of Ehrlich's haematoxylin. The

digested material was similarly stained and all the preparations were

mounted in glycerine.

III.

—

The Living Cell in The Cyanophyce.e.

In the larger species of Cyanophyce the cell substance readily

reveals the existence of two zones, one, peripheral, coloured blue-green,

the other, central, containing granules and, but for the shimmer of blue-

green of the outer zone through which it is seen, colourless. In Fig.

I the division of the cytoplasm is very clearly indicated. The smaller

the cell the greater is the difficulty with which the central uncoloured

zone is observed and in those species in which the cell is long and

narrow, e.g., Mia'ocoleus tcrrestris or Oscillaria tenerrima, the central zone

cannot be seen, it being of such minute dimensions that its presence is

masked by the outer zone.

Whenever it can be distinctly seen the central zone, or, as it is usually

called, the central body, is found to contain granules which vary in size

and numbers, but these most frequently appear in the outer portion of

the central body and in some cases the inner portion of the latter may
be completely free from them. Apart from the granules the central

body is uniform in structure, appearing to possess a vesiculated structure

which comes out quite distinctly in Oscillaria princeps. The vesicles in

the latter are not closely aggregated and are separated from one another

by coarse trabeculae of a colourless, hyaline, plasma-like substance in

which excessively minute, punctiform appearances suggest a granulation
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of quite another order than that already referred to. In this species the

demarcation of the central body from the coloured, peripheral zone is not

sharp and definite, the one passing gradually into the other.

In the peripheral, coloured zone the details are more difficult of

observation. One can indeed see granules, but their relation and the

distinction between these and portions of the protoplasmic trabeculae

are difficult to determine in the fresh condition. If a fresh specimen of

O. princeps^ O. Froehlichii or O. nutans is observed under the apochro-

matic 1.5 mm. and compensation ocular 8 or 12 with best light (that

from a white cloud), one can see in the very uppermost plane of the

cell the membrane studded with refracting points which, when the tube

of the microscope is slowly lowered, resemble granules, but at the sides

and ends of the cells they appear as elongated elements which radiate

from the central body. The refracting points are, therefore, really the

terminals of protoplasmic trabeculae which connect the central body with

the membrane. At certain positions of the objective these trabeculae

appear colourless, but at others they have a green tinge which may be

due to the reflection of green from the colouring matter. Whether the

latter is in the substance of the trabeculae or in the fluid held between

them it is impossible to say. There are, however, as will be seen after-

wards in the description of the structure of the hardened cell, indications

that the blue-green mixture is held in the cavities between the trabeculae.

On the other hand I have never seen granules holding chlorophyll such

as Hieronymus describes. Of the occurrence of a special chromatophore

in any form there seems to be not the slightest indication found in the

living cell. I regard the granules, which to Palla appeared to contain a

mixture of chlorophyll and phycocyan, and the granules observed by

Hieronymus as optical transsections of the protoplasmic trabeculae which

extend from the central body to the cell wall. I have never found these

trabeculae formed of other than homogeneous substance and can, there-

fore, not support the view of Hieronymus that coloured granules are

imbedded in numerous parallel fibres which run in a spiral fashion in the

coloured zone about the long axis of the cell. I have never observed

what Palla confidently asserts, namely, that the pigment granules are

arranged in rows.

In the outer or peripheral zone there occurs a large number of granules

which do not contain any colouring matter, although they may at times

be so situated in the coloured zone as to appear coloured, this being due

to their reflecting the blue-green of the surrounding cytoplasm. In the

spores of Cylindrospermum majus large granules imbedded in the sub-

stance of the peripheral zone, and by their presence forming bays in
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central body, appear blue-green, but that they are uncoloured can be

determined readily by causing the spores to burst, when the granules,

becoming free, appear unpigmented. These, to a certain extent,

correspond, as will be shewn below, to the " cyanophycin " granules of

Palla and Borzi. " Cyanophycin " granules are usually abundant in the

OscillaricB, being found in a row at each end of the cell adjacent to the

transverse septum, but in Microcoleus terrestris, in Tolypothrix, Scytonema

and Lyngbia, they are distributed throughout the substance of the

peripheral zone.

IV.

—

Fixed Prep.\rations of Cyanophyce^.

When trichomes of Oscillaria Froehlichii have been hardened in picric

acid for several days and stained with picrocarmine and haematoxylin,

the preparations contain isolated elements like those represented in

Figs. 2 and 3. Similar preparations are obtainable from this form

when corrosive sublimate is used as a fixative agent, but the vesiculation

of the cytoplasrti, while distinct, is less clearly demonstrated than in

picric acid preparations. Like preparations may be obtained with

Flemming's fluid.

The cytoplasm has the structure which Biitschli claims obtains in it.

The character of the vesiculation is, however, not what he describes nor

does every trichome even in a picric acid preparation present a similar

vesiculation. In all, on the other hand, the vesiculation of the central

body appears of a finer character than that in the peripheral zone.

When the spaces in the cytoplasm are, as is the case in some trichomes,

very minute it would be difficult to determine whether vesiculation

obtains, were it not that some threads show all the stages between this

condition and that in which the vesiculation is distinctly pronounced.

In the latter the walls separating the vesicular cavities have a mem-
branous appearance with an indefinite character to their borders.

Owing to the more minute character of the vesicles in the central

body, the latter has a compact appearance, and as it stains with

haematoxylin and other dyes some.vhat deeply and uniformly it is thereby

brought out sharply in contrast with the cytoplasm of the peripheral

zone. There is usually not a distinct line of demarcation between them,

but the vesiculation of the central body may pass almost abruptly into that

of the peripheral zone. The vesicles in the latter are elongated, tending

to extend from the central body to the membrane of the cell. In con-

sequence of the peripheral layer being thicker at the sides than it is
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adjacent to the transverse septa, the membranous bands separating the

vesicles in the neighbourhood of the septa are shorter than elsewhere.

The bands terminate in a thin delicate layer closely applied to the cell

membrane, which can be seen with difficulty and is most evident when,

as in Oscillaria Froehlichii, it is, as in that part adjacent to the transverse

septa, rich in granules of the " cyanophycin " class. The latter are

usually at " nodal " points of the layer and membranous bands termina-

ting in it. The layer may sometimes be distinctly seen in preparations

of Oscillaria Froehlichii which have been hardened in alcohol and

stained with hsematoxylin. In these the cytoplasm has shrunken away

from the membrane at one side of the cell in many trichom.es and in this

case the thin hyaline layer, stained somewhat more deeply than the

enclosed cytoplasm, appears sharply contrasted with the latter.

In Oscillaria natans, Tolypothrix tenuis, Scytone^na sp., and in the

vegetative cells of Cylindrospermum ^najus the structure of the cytoplasm

in the fixed condition is the same as in Oscillaria Froehlichii. In these

forms, however, the cells are much smaller and consequently the

vesiculation, which may be clearly observed in the larger form, is only

rarely well seen. On the other hand the distinction in the cytoplasm

of a central body and a peripheral zone is quite as readily marked as in

the large forms of OscillaricB. The central body also stains in hsema-

toxylin more deeply than the peripheral cytoplasm, into which it is con-

tinued without any sharp transitional changes in staining or structure.

In Mic7'ocoleus terrestris owing to the narrow transverse diameter of

the trichomes the differentiation of the cytoplasm into a central body

and a peripheral zone is not perceptible. There is a difference between

the most centrally placed cytoplasm and that of the periphery, but where

one begins and the other ends it is impossible to say. The most

centrally placed part stains more deeply in haematoxylin than does the

peripheral part and at the same time appears denser. Vesiculation in

both parts has been often observed but there is no distinction in the size

of the vesicles of the two parts. In the central part more of cytoplasmic

substance appears to surround each vesicle when the vesiculation is

distinct. In Oscillaria tenerrima there is apparently no distinction

between central part and peripheral layer, except in the deeper staining

of the more central cytoplasm. Vesiculation was not observed in this

form. (Fig. i6).

These facts support on the whole Biitschli's claim that there are two

parts, a central and a peripheral, and that the character of the latter is

different from that of the former. Biitschli's view that the central
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body is the homologue of a nucleus is another question which must be

determined, not only on structural but also on micro-chemical grounds.

There is not, as already pointed out, a distinct line of demarcation

between the central body and the peripheral cytoplasm. There is also

nothing to indicate the occurrence of a membrane about the central

body. Further, no elements can be found in the central body which

correspond to the chromatin nodules or " nucleolar" structures, although

as will be shown below, granules of a chromatin-like substance obtain in

the more peripheral portions of the central body, but rarely in the central

portions of the latter. It must also be pointed out that no observer,

with the exception of Scott, has described any structures in the

Cyanophyceae which correspond to those found during mitosis in the

higher organisms. This latter fact, perhaps, taken by itself does not

count much against the view that the central body is the homologue of

a nucleus, for, as Blitschli points out, the macro-nucleus of Infusoria

never exhibits mitotic division, but, taken in conjunction with the other

facts regarding the structure of the central body, renders it exceedingly

hypothetical that. the central body corresponds to the nucleus of the

higher organisms.

From the micro-chemical point ofview the evidence for Butschli's view

would appear to be somewhat stronger. I have already pointed out

elsewhere^ that the substance of the central body gives indications of the

presence ofa compound containing " masked " iron. Further observations

on a number of the larger Cyanophyceae confirm this. Trichomes of

Oscillaria Froehlichii, Tolypothrix tenuis, Cylindrospermum majus,

hardened in alcohol, mounted on a slide in a mixture of glycerine and
ammonium hydrogen sulphide and kept in a temperature of about 6o°C,

gave, after some days, preparations in which one observed a somewhat
dark-green tint in the central body. Very often when the preparation had
not been a success the result was due to the slow penetration of the

sulphide which can onlv act successfully when the reagent attacking

the iron -holding body can be quickly renewed. The iron reaction,

when it is obtained in this way, is distinct and does not occur in

the peripheral zone. The iron reaction may, however, be obtained more
readily in another way. If the trichomes, hardened in alcohol, are

placed for two to five hours at 35° C. in sulphuric acid alcohol (acid

4 vols., alcohol, ninety-five per cent., 100 vols.), and then after washing
in ninety-five per cent, alcohol, are treated with the acid ferrocyanide

mixture (potassium ferrocyanide, 1.5 per cent, solution, hydrochloric acid,

1 "On the Distribution of Assimilated Iron Compounds, other than Haemogflobins and Haematins, in

Animal and Vegetable Cells," Quart. Journ. Micro. Science, Vol. XXXVHI, p 175
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0.5 per cent., equal volumes) for five minutes to give the Prussian-blue

reaction, or with aqueous haematoxylin (0.5 per cent, solution) for a few

minutes, preparations are obtained which show quite distinctly that the

central body contains a substance in which " masked " iron is held. At
the same time one species of the granules also may show the presence

of " masked " iron and this may be observed when the glycerine sulphide

method is used. The Prussian-blue reaction exhibited by the central

body is a uniform one and the depth of the blue colour depends on the

thickness of the cell but it is unmistakable in every case. The bluish-

black given by the haematoxylin is similarly marked. It is to be noticed,

however, in all these cases that the blue of the Prussian-blue reaction

and the bluish-black of the haematoxylin are not limited to the central

body, for a lighter blue or a faint haematoxylin reaction may be found

in that part of the peripheral zone next to the central body, and very

often in such preparations it is not possible to say where the line of

separation is. This is the case sometimes in Oscillaria Froehlichii and

if the cell discs are seen from their flat surface the blue colour is marked in

the centre but gradually diminishes towards the periphery and is obscure

or absent in the outer part of the peripheral zone. A similar distribution

of the " masked " iron in the peripheral zone is shown by the glycerine-

sulphide method, but the reaction is not as decisive for minute quantities

of iron.

There can, therefore, be no doubt that the central body specially, and

a portion of the peripheral zone immediately about it in a very much
less degree, contain " masked " iron.

The reaction for organic phosphorus is not less distinct. Treatment of

trichomes, hardened in alcohol, with a nitric acid solution of ammonium
molybdate for several hours at a temperature not exceeding 35° C, then

with dilute nitric acid for a few minutes and afterwards with a two per

cent, freshly prepared solution of phenylhydrazin hydrochloride for from

three to five minutes, gave definite indications of the presence of phos-

phorus in the production of a dull greenish-blue reaction in the central

body specially and only faintly in the cytoplasm of the peripheral zone.

Certain granules also give the reaction deeply as in the case of the iron

reaction. The reaction in the central body is, as stated, a marked one,

and it is uniform, shading at the margins of the central body into the

feeble reaction of the peripheral zone. That the reaction is due to

organic phosphorus and not to inorganic compounds of this element is

indicated by the fact that the nitric-molybdate reagent brings out the

full reaction after two hours at the earliest, and then only gradually.

The presence of " masked " iron and organic phosphorus in the central
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body is at least an indication of the occurrence therein ofan iron-holding

nuclein, like, in some respects at least, the chromatin of the nuclei of

higher organisms. This conclusion is supported by the results of the

action of artificial digestive reagents in these organisms.

When fresh trichomes of Oscillaria, Tolypothrix, Scytonema and Micro-
coleus were digested with artificial gastric juice, made by adding a

quantity of a strong glycerine extract of the mucosa of the gastric

fundus of the pig to hydrochloric acid of 0.2 per cent, strength, the

preparations at the end of forty-eight, seventy-two and ninety-six hours

showed certain changes which were due to the digestive reaction-

Zacharias found that the peripheral zone is in great part removed, while

a portion of the central body disappears leaving two substances behind,

one of the nature of plastin, the other having a nuclein-like character

and receiving from him the name, " central substance," Fischer, on the

other hand, denies that the digestive reagent has any such effect and that

the diminution of the volume of the contents is due to a contracting

action of the digestive ferment in the presence of hydrochloric acid, an

action which he terms enzymatic. Fischer's view is incorrect for when
one studies at some length the digestive action of artificial gastric juice

on the cells in Cyanophyceae, not only is there a diminution in the

volume of the cell contents but there is also a disappearance of a portion

of its constituents. The peripheral zone is perhaps most affected but a

portion of it resists digestion, and after treatment with weak potash

solution (0.3 per cent.) remains. This latter substance is undoubtedly

plastin. The central body also is affected, but at first sight apparently

less so than the peripheral zone. It is rarely diminished in size and it

has, as Zacharias points out, specially after treatment with alcohol and

ether, a nuclein-like lustre. When, however, the preparation, after pro-

longed treatment with alcohol and ether, is stained in a good alum-

haematoxylin solution (Ehrlich's or Delafield's) the central body, instead

of appearing homogeneous or appearing uniformly stained as in good

fixed preparations, gives in the majority of cases a coarse reticular

appearance in which the trabeculae are usually deeply stained. (Fig. 8).

The stainable portion of the central body, the " central substance " of

Zacharias, is soluble in weak alkalies, as may be proved by placing

trichomes, acted on by gastric juice for forty-eight hours, in a 0.3 per

cent, solution of potash for six or seven hours, when subsequent treat-

ment with ether, alcohol, and Ehrlich's hematoxylin fails to indicate the

occurrence of a stainable substance like that referred to. What remains

of the central body and of the peripheral zone stains, but there is no

differentiation both parts staining feebly but uniformly. This indicates
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that what remains in the central body as well as in the peripheral zone

is formed of plastin only.

These facts show quite clearly that artificial gastric juice does dissolve

a portion of each part of the cell in the Cyanophyceae. That which is

left in the peripheral zone is largely, if not wholly, composed of plastin

while a part of what is left in the central body appears to have the

character of a nuclein compound. The concentrated character of the

substance left in the central body and its coarsely reticular appearance

can only be explained on the postulate that the reagent has removed

material from the central body. What contributed to the view of Fischer

that the digestive fluid exercises only a contracting, not a dissolving

action, was the assumption that nothing appeared to be removed from

the cell acted on by the digestive fluid. There is one feature in all

digestive experiments on the Cyanophyceae which ought to be borne in

mind. The membranes in the Cyanophyceae have a colloid character

and as such they do not readily permit the diffusion through them of

colloids in solution. Pepsin is much more a colloid than a crystalloid

and consequently it will not penetrate the membranes in the Cyano-
phyceae with the same facility as hydrochloric acid and, therefore, a

slighter effect is produced at the end of twenty-four hours than is

obtained when naked cytoplasmic masses, like the cells in higher

organisms, are treated with gastric juice. This would account in part

for the results obtained by Fischer.

There can be, therefore, very little doubt that a chromatin-like sub-

stance is present in the central body of cell of Cyanophyceae. It is much
less in amount than the chromatin of the smallest nucleus in a highly

organized cell, and it does not appear to vary in amount in the various

cells of a trichome nor in those of a preparation of filaments. In other

words, this chromatin-like substance appears to be fixed and unchanging

in amount in whatever condition the cells may be. This chromatin-like

substance never appears to enter any condition resembling, in the

remotest degree, that of mitosis and whenever the cell divides this sub-

stance is distributed as it is in the resting cell, that is, uniformly through-

out the central body. It is impossible, then, to regard the central body,

with Biitschli, as the homologue of a nucleus. From its structure and its

chemical character it is rather to be regarded, as Fischer claims, as a

more active portion of the cytoplasm.

When trichomes of OscillaricE, Tolypothrix, Scytonema, Microcoleus

terrestris, are digested for twenty-four or forty-eight hours with artificial

gastric juice and then stained for twenty-four hours with picrocarmine,

what remains of the central body is coloured red and at times the peri-
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pheral zone is given a green stain. A similar result has sometimes been

obtained with Ehrlich's haematoxylin in dilute solution, but in this case

the central body takes a blue violet colour. When alcohol and ether

were employed after the gastric juice the green reaction was not ob-

tained, and this was the case also when the digested trichomes were

treated with weak alkaline solutions, this showing that the substance

which stains green is soluble in alcohol and alkalies. Far oftener, how-

ever, another condition was observed. Digestion of trichomes for two

or three days resulted in the production of somewhat irregular masses of

brownish material placed frequently adjacent to the transverse septa.

In Oscillaria tenerriina there may usually be only one such mass in each

cell, being flattened and situated next to either the lateral membrane or

one of transverse septa. In Microcoleus terrestris the corresponding

brown substance is in the form of granules, many of which are distributed

through the eel!. In all cases the substance forming these masses is

soluble in alcohol and in weak alkalies. The masses may also take, after

a prolonged stay in picrocarmine solutions, a dull green or bright green

colour. Their solubility in alcohol and weak alkaline solutions, their

absence when the whole of the peripheral layer stains green with picro-

carmine, and their reactions with the latter dye, appear to indicate that

they are derived from a constituent uniformly distributed throughout

the peripheral zone in the living cell. The green reaction under the

influence of picrocarmine indicates a chromogenic character and it is

probably a derivative,through digestive action,of one of the constituents

which form the "blue-green " of the peripheral zone.

The occurrence of such a pigment, if it is derived from the colouring

matter of the cell, unsoluble as it is in water, renders it probable that the

colouring matter during life is dissolved for the most part in the cavities

of the vesicles of the peripheral zone. If it were dissolved in the

cytoplasmic framework it would be difficult to explain its occurrence,

after digestion, in masses.

The question of the occurrence of a chromatophore has been dealt

with in various ways by the majority of investigators of the structure of

the cell in Cyanophyceae. Whatever is meant by the term chromatophore,

it is necessary to point out that such an organ as it obtains in the more

highly specialized Algae can never be found in Cyanophyceae. All who

have claimed that a chromatophore is present in the Cyanophyceae are

not agreed as to its character. According to Deinega it is a perforated

plate, the trabeculae of which carry the colouring matter and run parallel,

in the greater number of cases, with the trichome. In Zukal's view the

coloured, peripheral zone is the chromatophore which he claims is finely
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punctated, while Hieronymus maintains that it is of fibrillar structure

and on it are arranged fine granules which contain the chlorophyll, the

phycocyan being dissolved in the enchylema. Palla, on the other hand,

defines, without further reference, the coloured peripheral layer as the

chromatophore, which Nadson does not accept, but according to Fischer

the chromatophore is an independent organ which is perforated to allow

the passage of protoplasmic strands from the central body to the plasma

zone outside the chromatophore. Fischer in his figures of stained

preparations of Oscillaria Froehlichii illustrates such a radial disposition

of protoplasmic strands from the central body but there is in them no

indication of the existence of a chromatophore and the only evidence

which he advances for believing that the latter exists is the result of the

action of strong hydrofluoric acid on specimens of Oscillaria princeps,

which dissolves out the central body, leaving a ring of material undis-

solved corresponding in position to the coloured zone of the cell. I have

tried the action of hydrofluoric acid on specimens of Oscillaria

Froehlichii and have not been successful in obtaining the results that

Fischer obtained. Giving full importance, however, to his observations

on this point one cannot but at the same time question whether the

structure observed after the action of such a drastic reagent as strong

hydrofluoric acid, is not simply an artifact. As he describes and

illustrates it, it is a compact solid body without structure, and this is a

suspicious fact, for, in his view, the protoplasmic strands which penetrate

it are numerous. Observing also his illustrations of transsections of

stained Oscillaria Froehlichii one must ask also how such an organ

could be accommodated in the peripheral zone, the greater part of the

space of which is taken up by the protoplasmic strands.

There is, as I have already pointed out, no evidence for the existence

of a specially organized chromatophore to be found in the living cell.

When a cell of Oscillaria princeps in the living state is ruptured the

substance of the peripheral zone is found to have a much more fluid

character than that of the central body. This shows that, whatever the

chromatophoric substance may be, it is not distinct from the substance

of the peripheral zone, nor has it the physical character of a chromato-

phore as found in the green Algae.

Considering the fact that there is in the Cyanophyceae no nucleus it is

reasonable to believe that the other structures in the cell are as little

differentiated, and therefore, one should not expect to find in these

forms a highly organized chromatophore. This view is the most

consistent, moreover, with all the observations which have been made on

the Cyanoph}'ceae.
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V.

—

The Granules in the Cyanophyce^.

The granules, according to Butschli, Palla and Nadson, are of two

kinds, one which stains red-violet with Delafield's hsematoxylin and

situated, according to Palla, on the periphery of the central body,

according to Butschli on the central body or in its more peripheral

portions, according to Nadson, in the central body only; the other which

stains blue or blue-violet, to be found chiefly adjacent to the transverse

septa. The latter class of granules Butschli claims is not affected by

haematoxylin staining, and he usually demonstrated their presence with

eosin. Zacharias also has described the occurrence of two kinds of

granules, and the writer showed that one kind, those which are described

by Butschli as staining red-violet with haematoxylin, contain a "masked"

iron compound, while the other kind of granules are, as a rule, free from
" masked" iron. Hieronymus, Deinega and Fischer, however, claim that

there is only one kind of granules present. The first-named observer

holds that two kinds of granules appear to be present because of the

methods of preparation, but that if fixed cells are treated with ammonia
vapour all the granules colour dark blue with hsematoxylin and further

that all dissolve in dilute acids although not equally readily. Fischer,

on the other hand, maintains that the granules do not disappear in

artificial digestion (with pepsin and hydrochloric acid) and further that,

if they are treated with dilute soda solutions, all stain blue with ha;ma-

toxylin. He also finds that in some forms all the granules are stained

either blue or red, while in other preparations some of the granules stain

blue, the remainder red. He claims that the method of fixation employed

greatly varies the capacity of some of the granules, notably those which

stain blue with haematoxylin, to absorb the staining compound, and he

concludes that staining is due to differences, not of chemical properties,

but of physical condition produced by the fixing reagent. The granules

which Deinega found were soluble in acids and stained specially with

picrocarmine.

I have made a lengthy examination of the granules which occur in the

Cyanophyceae and I find that while in some species one kind only may
be present, yet in other forms two distinct types of granules occur.

Illustrations of these two types may be found in the OscillaricB, in

Tolypothrix, Scytonenia and Microcoleus terrestris. The best method of

demonstrating them is to harden the material in picric acid or corrosive

sublimate, or even in alcohol alone, and then stain first with picrocar-

mine and afterwards with dilute Ehrlich's haematoxylin. The latter
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reagent gives granules in the peripheral portions of the central body a

deep reddish-violet stain and these correspond to the " red " or red-violet

granules of Biitschli. These may be, for the present, called the granules

of the first type. The granules of the second type stain bright red with

picrocarmine and correspond to those which Deinega found and to the

granules which, according to Palla and Nadson, stain blue with haema-

toxylin.

The granules of the first type vary very much in size. They are

usually situated in the outer sections of the central body although

occasionally a single one may be found in the more central portion and in

the inner zone of the peripheral layer. The granules, as Hieronymus-

Palla and Biitschli found, are, at times, hollow bodies, while to Zacharias

their peripheral substance appeared to have a greater density than their

centre possessed and the author found that all the larger granules, at

least, are formed of an outer zone or coat which takes the haematoxylin

deeply, with a central cavity containing a fluid substance which is indif-

ferent to staining reagents. Methylene blue deeply stains these granules

and in consequence their hollow character in such preparations is not

evident. Acetic-methyl green gives them in fresh preparations a stain

much deeper than that taken by the central body, while it leaves un-

affected the granules of the second type.

The granules of the second type correspond to the " cyanophycin "

granules of Borzi and Palla and, as they have a special affinity for picro-

carmine, their presence can always be readily demonstrated. In the

fresh cells they stain deep blue with Ehrlich's hsematoxylin. They are

in the OscillaricB more abundant adjacent to the transverse septa and

they appear to be situated in the thin cytoplasmic layer which is applied

to the septum. In picric acid preparations of Oscillaria Froehlichii

stained with picrocarmine, views of the flat faces of the discs frequently

show a somewhat radiate arrangement of the granules, the larger ones of

which are found near the junction of the lateral membrane with trans-

verse septa. The granules in such cases are not exactly round, as they

appear slightly elongated in the radial direction. In Microcoleus

terrestris, Tolypothrix, Scytonema and Lyngbia, these granules are

distributed throughout what corresponds to the peripheral zone in these

forms.

It is not in staining alone that I would base the classification of these

granules. A far stronger distinction lies in the chemical reaction of the

granules and in the action of digestive fluids upon them.

The granules of the second type very quickly dissolve in hydro-
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chloric acid solution of 0.5 per cent, strength, and in very dilute nitric

acid and sulphuric acid, while those of the first type are unaffected. As

a rule they have no special affinity for iodine over that of the cytoplasm

of the peripheral zone. When material, hardened in alcohol, was treated

with the nitric-molybdate reagent for several hours and then with a

solution of phenylhydrazin hydrochloride, these granules gave no reaction

and were consequently not visible, while in the granules of the first type

the outer coat, which stains deeply with haematoxylin, gave a strong re-

action for phosphorus. As this reaction required time to develop, the

phosphorus demonstrated must be present in organic form, that is, in

the form which characterizes the nucleins and nucleo-proteids.

When material, hardened in alcohol, was treated at 35° C. with sul-

phuric acid alcohol to set free organic iron, and the iron, thus set free,

demonstrated by either the Prussian-blue or the haematoxylin method,

one found a distinct reaction in the granules of the first type but not in

the second. When the granules were large, as represented in Figs.

11-14, the outer coat only gave the reaction, but when a granule was

very minute the iron appeared to be uniformly distributed through it.

The iron reaction was also obtained in these granules by placing the

broken-up trichomes on a slide in a drop of the glycerine-ammonium

sulphide mixture and covering the preparation with a cover glass, after

which it is placed in a warm oven kept at a temperature of 60° C. for a

week, during which the preparation was examined from time to time.

The only obstacle to success in these preparations is the presence of the

thick membrane or sheath of the trichome which, as already pointed out,

prevents a free diffusion of the sulphide into the cells which may conse-

quently not exhibit any reaction, but, in those portions of the trichomes

freed from the investing sheath, the reaction comes out quite distinctly

in from three to five days. The threads of Microcoleus terrestris are

most readily freed from their membranes and if granules of the first type

are present, which is the case if the form is growing vigorously, they give

the dark-green reaction of ferrous sulphide in about three days, and it is

distributed as it is found after treatment with acid alcohol, that is, in the

outer portions of each granule. No reaction was obtained in granules of

the second variety.'

The iron demonstrated in this case can belong only to the " masked
"

form, and as such is most usually associated with a nuclein or nucleo-

proteid. This and the fact that the granules in question contain organic

I An exception must be made in the case of those preparations referred to in my former paper, " Quart.

Journ. Micro. Sci.," Vol. XXXVIII, p. 266. As I have never since succeeded in obtaining a similar pre-

paration I have concluded that in that case the granules were not of the normal composition.
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phosphorus indicate very decidedly that the substance forming the outer

portion of the granules belongs to the nuclein class of compounds. As

this same substance has an affinity for haematoxylin and acetic-methyl

green, it is difficult to resist the conclusion that it is true chromatin.

If, however, trichomes containing these granules are submitted to

digestion with artificial gastric juice, the granules in from eighteen to

twenty-four hours disappear. The granules of the second type disappear

during the first hour. The absence of granules of the first type is not

apparent only, as Biitschli claims, who holds that they are still present,

although they have lost their capacity to take up stains, but is due to

actual solution and disappearance of their substance, for by no method

of staining or impregnation can they be brought into view. Biitschli's

contention, therefore, is incorrect. It is the recognized property of

nucleins to resist gastric digestion and if this is universally true the sub-

stance forming the granules cannot be regarded as true nuclein com-

pounds or as a true nucleo-proteid. It must be noted, however, that

some forms of nucleic acid are soluble in artificial gastric juice and it is

possible that the substance forming the essential portion of the granules

in question contains one of these soluble forms. It must be recognized,

also, that the substance in question, while possessing many of the

characters of chromatin as it is found in highly organized animal and

vegetable cells, does not fully represent the latter, and the true repre-

sentative of chromatin in the Cyanophyceae is to be found in the sub-

stance, holding " masked " iron and organic phosphorus, obtaining in the

central body.

What the chemical composition of the granules of the second type is

it is not possible to say definitely. The substance forming them has by

some been regarded as an isomer of starch, but its capacity for absorbing

picrocarmine and staining blue-violet with slightly diluted Ehrlich's

haematoxylin in the fresh trichome indicates that it is rather related to

the proteid class of compounds. This is confirmed to a certain extent

by evidence of the presence of organic sulphur in the granules. When
preparations of Oscillaria Froehlichii, hardened in alcohol, are carefully

heated for about ten minutes in a mixture of glycerine and solutions of

potash and lead acetate the granules in question exhibit a light brown

tint due to the presence of lead sulphide. Except in one instance they

have not given any indication of the presence of organic phosphorus

and they cannot, therefore, be regarded as formed of a nucleo-proteid

compound. They are extractable with boiling water and their substance

is not coagulable with heat. On the whole, the facts suggest that they

are constituted of a substance which has the characters of one of the
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lower proteids. As they are abundant in the rapidly growing and

assimilating forms it is possible that their substance represents the first

assimilation stage of the proteids synthesized in these organisms. As

the granules disappear in trichomes which are not assimilating freely,

they would appear to represent the reserve material of the cell, as

Nadson and others have claimed.

In Cylindrospermum majus only one kind of granules is present and

these are usually very large and homogeneous. They resemble the

granules of the first type in that they have given evidence of the presence

of " masked" iron^ and also those of the second type in their capacity

for absorbing and retaining picrocarmine. I am unable to say whether

they contain organic phosphorus, since I have not had at my disposal,

during the last two years, any specimens of the organism to determine

this point.

In Nostoc commune and Oscillaria tenerrima only one kind of granules

is present. In the latter they are comparatively large and usually

hollow in the centre. (Fig. i6).

VI.

—

The Heterocyst.

The development of the heterocyst depends on degenerative changes

in the cell which at the outset is free from granules. The first evidence

of the change occurs in the disintegration of the central body, which

appears to be constituted of a coarse network in which ill-defined

granular swellings are seen. This network stains deeply in haematoxylin

and as the change progresses it fills the whole of the cytoplasm (Fig. 17,

two lowest cells). At the same time a large granule or mass develops

at one pole of the cell which quickly acquires a marked affinity for

picrocarmine (Fig. 15) like that exhibited in the granules of the second

type. Very often the cell which is to form a heterocyst is incompletely

separated from its neighbour on division, and in the connecting strand of

cytoplasm which extends through an opening in the transverse septum,

the mass in question develops as a pear-shaped body with its terminal

points in the two cells. (Fig 17). This structure has been referred to by

Borzi, who believes that'it is formed of cyanophycin. When the develop-

ing heterocyst is intercalary there may be such a mass at each pole ot

the cell, but there is only one when the cell is terminal.

In the next stage the structures of the central body dissolve completely

I The extent of the reaction for iron obtained is indicated in Fig. 8, Plate lo, "Quart. Journ. Micro.

Science," Vol. XXXVIH.

[69]



34 MACALLUM : CYTOLOGY OF NON-NUCLEATED ORGANISMS

in the cytoplasm which now attains a h'ght greenish-yellow colour. The
mass of picrocarmine-staining substance persists, but otherwise the

cytoplasm is homogeneous, and it does not stain with haematoxylin, picro-

carmine, or with any of the aniline dyes. It gives a feeble but uniform

reaction for " masked " iron, a slightly more marked reaction for phos-

phorus and it is not affected during prolonged action of artificial gastric

juice, which also does not dissolve the mass at the pole of the cell. The
latter gives a distinct reaction for " masked " iron. This result indicates

that the substance forming the mass is not related to the substance,

cyanophycin, forming the granules of the second type, and that, therefore,

Borzi's supposition as to the composition of the mass is incorrect. The
heterocyst is, therefore, a degenerated cell. It may also possibly

represent more than this. Its formation next to the spore in Cylindro-

sperniuin inajus and other forms, as well as its development beside the

cell out of which arises the lateral trichome branches in Tolypothrix

would appear to suggest that the heterocyst may be the result of some
rudimentary sexual process.

VII.

—

Cell Division.

Ordinarily the first sign of cell division in the Cyanophyceae is the

growth inward from the lateral wall of a septum which appears thus to

separate, not only the cytoplasm as a whole, but also the central body,

into two equal parts. It is, however, only in such genera as Tolypothrix

and Scytonema, in which the cells are, in comparison to their length, very

long, that one is able to ascertain what are the earliest phenomena of

cell division. In preparations of trichomes from quickly growing

cultures one may find a cell in which the deeply stained central body has

a constriction which gives it a slight hour-glass appearance. In some
other cells, perhaps in the same trichome, the constriction may be greater

and at the same time the ingrowth from the lateral membrane to form

the transverse septum may be found. The constriction of the central

body, before the appearance of a trace of a septum, must be held to in-

dicate that the central body initiates division.

The mode of the formation of the transverse septa explains the central

perforation or opening in the septa which Borzi saw. In old septa I

have never observed these passages or perforations. They are really due

to incomplete formation of the septa.

In the division the granules are apportioned to the daughter cells

according to their distribution. There is no rearrangement, no grouping
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of them, nor any change so far as can be determined in their chemical

reaction. It may happen, as it often does in Microcoleus terrestris, that

while the granules of the second type are equally divided between the

daughter cells, one of the latter may receive all the granules of the first

type. When, however, these granules are very large in proportion to the

cell which contains them, such granules are divided when the cell

divides. Instances of this were seen in some preparations of Qscillaria

nutans found in a rapidly growing condition and treated with artificial

gastric juice for from eight to ten hours. In these there were very large

granules, or rather spherules, of the first type, which occupied a large

portion of the cell space and which stained deeply in haematoxylin. In

the undividing cell they were spherical, or nearly so, but in those

dividing as well as in those which had divided, they exhibited a con-

striction in the plane of the transverse septum formed but not completed,

while in other cases where the septum was fully formed, each daughter

cell had its half of the original spherule or granule. (Fig. 19). It is

obvious that in such cases the division of the spherules was not

physiological but mechanical and that it followed the division of the

cytoplasm.

Such instances of division of the granules are rare and would not, it

must be believed, occur in the large-celled OscillaricB if the granules or

spherules were not correspondingly large, a condition which does not

occur. It is, however, interesting to note that in oneform of the Cyano-

phycecB, at least, the substance in the cells which represents chromatin in

these organisms, when present in abundance is divided between the

daughter cells in a mechanical way and after the daughter cells are

formed.
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Summary.

1. In the living cells of Cyanophyceae, with the exception of those in

which the transverse diameter of the trichome is very minute, two zones

can be readily made out : one central, uncoloured, the other peripheral,

holding the pigment. The cytoplasm forming the central zone, or

body, is denser than that present in the peripheral layer.

2. The pigment is dissolved in a fluid which occupies vesicles in the

cytoplasm of the peripheral layer. There is no evidence of the presence

of a special chromatophore.

3. The central body is finely vesiculated and, except in its periphery,

almost free from granules. In it obtains a small quantity of a chromatin-

like substance which resists the action of artificial gastric juice and con-

tains organic phosphorus and " masked " iron. This substance is

uniformly diffused throughout the cytoplasm of the central body.

4. The cytoplasm of the peripheral layer is, compared to that of the

central body, always somewhat coarsely vesiculated. It gives a very

faint reaction for " masked " iron and a feeble reaction for organic phos-

phorus. In the part immediately adjacent to the central body the

reactions for both are slightly deeper than that demonstrated in the

outermost part of the peripheral layer.

5. The granules present are usually of two types, one of which is

formed of a substance staining with haematoxylin and containing

" masked " iron and organic phosphorus and, therefore, resembling chro-

matin. They are, on prolonged digestion with artificial gastric juice,

dissolved. Granules of this, the first type, when large, are found to be

hollow spherules. These granules are usually found in the peripheral

portions of the central body, but they are not confined to that part, for

they may rarely be observed in the central parts of the central body

and also in the inner zone of the peripheral layer in some forms.

6. The granules of the second type are to be found in the peripheral

layer and chiefly adjacent to the cell membrane. Rarely are they

hollow spherules. They are constituted of a substance which stains

deeply with picrocarmine and is free from organic phosphorus and
" masked " iron. This substance dissolves very quickly in weak acids.

As it gives a reaction for sulphur when treated with plumbic acetate in

alkaline solution, it is probably a proteid.

7. In one form, Cylindrospermuni majus, only one kind of granules is
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present and these are found in the peripheral layer. The substance

which forms these stains deeply with picrocarmine and with difficulty

with haematoxylin. It appears to contain "masked" iron.

8. The heterocyst is a degenerated cell in which all distinction between

the central and peripheral parts is lost. The chromatin-like substance

of the central body diffuses throughout the cytoplasm when the hetero-

cyst is forming. When fully developed the cytoplasm gives a feeble

reaction for iron. A small mass at one or either pole of the cell gives a

distinct reaction for " masked " iron and stains deeply with picrocarmine.

Further, as it does not dissolve in acids, it is not related to the substance

which forms the granules of the second type.

9. There is no nucleus, nor any structure which resembles a nucleus, in

the Cyanophyceae.

10. Division of the cell is direct, the central body first showing the

effects of this process. When a large spherule of chromatin-like sub-

.stance is present it may pass into a daughter cell, or it may be

mechanically divided between the two daughter cells.
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BEGGIATOA.

LITERATURE.

The structure of Beggiatoa is to a great extent recognized as affecting

the question of the structure of Bacteria in general, and consequently in

the literature on the subject one finds frequent reference to the structure

of various species oi Beggiatoa. Some of these references are, however,

of a very brief character and deal only with the external form. The
more important observations bearing on the internal structure are those

of Biitschli,^ Mitrophanow- and Fischer.^

According to Biitschli in Beggiatoa, as in other sulphur Bacteria and

in the Cyanophyceae, the cytoplasm of every cell has a central body and

a peripheral zone. These two structures are quite distinct in properly

made preparations. In the central body are frequently large lacunar

spaces which in the living cell are occupied by the sulphur granules.

The central body also contains minute granules which in position and

staining properties correspond to the " red " granules of the Cyanophyceae,

In some preparations oi B. alba the peripheral zone was very narrow, so

much so that the central body appeared to come almost in contact with

the membrane of the cell. In j5. inirabilis the central body is extraor-

dinarily large and in it is a large vacuole in the interior of which, in

the living cell, are small pale corpuscles in molecular movement. On the

surface of the central body is a single layer of vesicles (Waben). Minute
*' red " granules are also found in the central body.

Biitschli holds that the central body, thus described, is the analogue

of the nucleus of more highly specialized cells and that consequently the

peripheral zone of cytoplasm corresponds to the ordinary cell protoplasm

of higher organisms.

Mitrophanow describes as nuclei of the Sulphur Bacteria structures of

the most diverse form and character. In some cases, in Chromatiuin and

in Rhabdochromatium for example, it is an irregular, centrally placed

mass, elongated parallel to the long axis of the cell. In other cases it

1 " Ueber den Bau der Bacterien und verwandter Org-anismen," Leipzig, 1890. Also, " Weitere

Ausftirhrung-en uber den Bau der Cyanophyceen und Bacterien," Leipzig, 1896.

2 "Etudes sur I'org.-inisation des Bacteries," Intern. Monatsschr. fiir Anat. und Physiol., Vol.

X. p. 47S. 1893.

3 Untersuchungen Uber den Bau der Cyanophyceen und Bakterien," Jena, 1897.
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contains a collection of granules of chromatin which stain differently

from the substance in which they are held, and more deeply. Not un-

frequently there may be several masses sometimes completely separate

from each other, in other cases connected by narrow strands of the same

substance. In some cells also the granules which Mitrophanow terms

"nucleolar" are uniformly distributed throughout the cytoplasm of the

cell. In such no nucleus is visible. In Ophidomonasjenensis t\\Q central

elongated mass reminds one of the central body of Biitschli, the peri-

pheral cytoplasm corresponding to the peripheral layer of that author.

This mass may appear divided into a number of smaller vesiculated

irregular clumps of substance. In Beggiatoa the masses are always

spherical, and, to judge from Mitrophanow's figures, homogeneous in

composition. Several of these may be present in the cell, though as a

rule there are not more than two large ones.

Mitrophanow's terminology is very obscure. He applies the term

nucleus to the large elongated, centrally placed mass and the term

nucleoli to the granules which it may contain, or to those which may be

distributed throughout the cytoplasm. In the case of Beggiatoa the

granules found are loosely described by him as nucleoli. He has

advanced nothing, except, perhaps, facts in regard to staining capacity,

which justify the application of the term nucleus to these structures.

In neither Chromatiinn nor Beggiatoa could Fischer find a differentia-

tion of the cytoplasm into central body and peripheral layer, such as

Biitschli describes. In Chroviatium there may at times be a condensation

of the cytoplasm in the centre of the cell, brought about by the arrange-

ment and disposition of the sulphur droplets which it contains. There

may be in each cell a number of spherical grains of a deeply stainable

substance which Fischer hesitates to regard as chromatin, for after the

use of some chromatin-fixing reagents the granules formed of it are not

to be seen. In Beggiatoa Delafield's hsematox}'lin brings out the pres-

ence in each cell of " red " granules such as Biitschli describes. In

subsequent treatment of these preparations with safranin the central

portions of the cells stain a little more deeply than their periphery, but

this is due to condensation of the cytoplasm through the disposition of

the sulphur granules. In cells free from sulphur this result is not

obtained. There is no nucleus and the granules cannot definitely be

regarded as formed of chromatin.

The writer^ pointed out that the " masked " iron compound is dis-

I " On the Distribution of .\ssimilatcj Iron Compounds, other than Hxmoglobin and H^matins, in

Animal and Vegetable Cells," Quart. Journ. Micro. Sci., Vol. XXXVIII, p. 158.
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tributed uniformly throughout the cytoplasm and that this distribution

corresponds with the diffuse stain given by haematoxylin. In the

"comma" forms granules which stained with haematoxylin gave a re-

action for " masked " iron.

Material and Methods of Study.

The forms used were Beggiatoa 7nedia, B. alba and B. mirabilis. The
cultures of the two former in water containing sulphuretted hydrogen in

solution were always kept in the actively growing condition. These
cultures could in twenty-four hours be got to yield myriads of the

spirillum-like elements, the " comma " forms, and the " cocci," which,

according to Zopf^ are different stages in the development of

Beggiatoa}

One method of fixation was to place a drop of the culture on a cover

glass, allow the water to evaporate, and then to float the cover, prepara-

tion surface downwards, on a saturated solution of corrosive sublimate,

where it was left for a couple of hours, after which it was passed succes-

sively through alcohols of fifty, seventy and ninety per cent, strengths.

Cover glass preparations were made with ninety-five per cent, alcohol,

without the employment of any other reagent. Picric acid in saturated

solution was also employed on cover preparations as well as on

quantities of the material in various stages. Material in bulk was
hardened in ninety-five per cent, alcohol alone.

In staining, methylene-blue, safranin, eosin and Ehrlich's and Heiden-

hain's haematoxylins were employed. The first three dyes, each used

alone, give results of no value, but they may individually be employed
with one of the haematoxylins and thereby a more marked demonstra-

tion of the vesicular structure of the various forms may be obtained.

If, however, the iron-alum haematoxylin method alone is carefully

employed it will give preparations which in distinctness leave nothing

to be desired.

The material from B. mirabilis was hardened, part in absolute

alcohol and part in picric acid in saturated aqueous solution.^

1 " Znr Morphologic der Spaltpflanzen," Leipzig, 1882. Also "Die Spaltpilze," Breslau, 1883.

2 These forms are, according- to Winogradsky ("Beitrage zur Morphologic und Physiologie der

Bacterlen," Leipzig, i888), not genetically related to Beggiatoa. He was unable to find a transformation

of the Beggiatoa threads into the "cocci" forms, an experience which befell Engler (" Ueber die Pilz-

Vegetation des weissen oder todten Grundes in der Kieler Bucht," Vierter Bericht d. Commission zur Wiss.
Untersuchung der deutschen Meere in Kiel, p. 185, Berlin, 1884).

3 For this material I am indebted through Dr. E. C. Jeffrey to Mr. Billings.
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General Cell Structure.

In fresh actively growing specimens of B. alba the cytoplasm of the

filaments is crowded with minute sulphur droplets, and it is difficult to

determine the presence of any other structures. One can, with very high

powers and good illumination of the microscopic field, see the transverse

septa marking the thread off into cells, and at the same time find the

cytoplasm next these septa free from granules.

In the fixed preparations which have been passed through alcohol and

stained the result is different. In Fig. 60 are represented three cells of a

thread of ^. alba. The sulphur has been removed by the alcohol and
the places occupied by the sulphur are shown as clean vacuoles. The
protoplasm near the transverse septa appears denser than elsewhere,

although because of the aggregation of the vacuoles around the centre

sometimes the cytoplasm at the latter point gives an appearance of con-

densation. The stain taken by the cytoplasm is uniform throughout the

cell, but fine granules may not unfrequently be observed. I am, how-
ever, unable to corrobrate Mitrophanow regarding such large granules

as he illustrates. When the threads become less rich in sulphur and

therefore, ill nourished, large granules may be found, not quite so

often indeed, as he observed, but still much more frequently than

in the preparations frorn actively growing cultures. I am inclined to

believe that Mitrophanow's preparations were made from ill-nourished

cultures, and an examination of his illustrations (Figs. 28 and 30)

convinces one of this, for in them is an utter absence of such vesiculation

as would be present, had the cells, when prepared, contained sulphur

droplets.

There is no evidence whatever of the presence of any nuclear struc-

ture. The cells of well-nourished threads in no case show a differ-

entiation of their cytoplasm into central and peripheral parts according

to the views of Biitschli. It is rare even to get, as Fischer did with

haematoxylin and safranin,a slightly deeper stain in the central part, and
when this does appear it is due to the fact that the central part of the

cell is seen through a greater quantity ofcytoplasm than is the periphery

of the cell.

In B. mirabilis hardened in alcohol the cell frequently contains a

slightly denser portion of cytoplasm placed adjacent to one of the

transverse septa, but an examination of this mass shows that it is really

a shrunken portion of the cytoplasm which filled the whole cell. When
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the preparations are made with picric acid the frequency of these

shrunken masses is greatly reduced. The cytoplasm then usually

appears vesiculated throughout and it stains uniformly with haema-

toxylin, showing an absence of granules.

When the threads of B. alba and B. mirabilis, after being hardened in

alcohol, were treated with the nitric-molybdate reagent for two to three

hours and then acted upon with a solution of phenylhydrazin hydro-

chloride of two per cent, strength, in order to demonstrate the dis-

tribution of organic phosphorus, the latter was found to be uniformly

diffused throughout the cell. In B. mirabilis the condensed portions

observed in some cells, as already described,gave a marked indication of

the presence of" masked" phosphorus, but it appeared so because in the

shrunken condition to which these masses are due more cytoplasm is

gathered into a smaller volume than in cells with unshrunken cytoplasm.

Fig. 6 1 illustrates this. In <^ and b are observed two shrunken masses of

cytoplasm, in these are aggregations simulating granules, while in c the

cytoplasm shows the organic phosphorus uniformly distributed through-

out the cell. In ^. alba the phosphorus is distributed uniformly with

the cytoplasm and the method did not reveal the presence of granules.

The reaction for iron derived from the " masked " condition, is in B.

alba and B. mirabilis found to be uniform with the distribution of the

cytoplasm. When sulphuric acid alcohol is used to set the organic iron

free in the threads and the preparation is washed free from acid with abso-

lute alcohol and stained with a pure aqueous solution (one per cent.)

of hsematoxylin, the result is decided enough to determine definitely

that there are no specialized chromatin-holding structures like nuclei or

like Biitschli's central body. Granules sometimes found distributed in

the peripheral portion of the cytoplasm give the reaction.

The distribution of the " masked " iron being then like that of the

organic phosphorus, it follows that the substance containing these ele-

ments, the analogue of the chromatin of more highly specialized cells, is

contained, not in any nucleus however rudimentary, but diffused in the

cytoplasm, and sometimes, also, localized in granules.

Somewhat different are the results of observations on the spirillum-

like form, and on the " cocci," and comma-shaped organisms. Here, as

little as in the thread or " leptothrix" forms, is there any evidence of the

existence of a nucleus, rudimentary or otherwise. In these, the vesicles

occupied by the sulphur droplets, are all crowded about the centre, or

about the central axis, leaving the peripheral layer as a thin, homo-

geneous structure applied to the membrane. In the "spirillum" form the
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vesicles are separated from each other by a thin film of cytoplasm, and
here and there, and especially at the nodal points in these films, one

observes, in haematoxylin preparations, granules which are more deeply

stained than the rest of the cytoplasm. Sometimes these granules are

more or less drawn out in the films between the vesicles, and then the

central cytoplasm may take on the character of the central body of

Butschli. Of the actual existence of such a central body there is not

the slightest evidence.

In the "comma" forms the granules are very much fevver, and fre-

quently smaller. In the " cocci " they are rarely visible, and minute

lightly stainable granules make their appearance at the periphery

of the vesicles (Fig. 59, a, b, and ^.).

In the "spirillum," as well as in the "comma" form, the compounds of

" masked " iron and organic phosphorus are, apart from the granules,

faintly diffused throughout the cytoplasm,sometimes apparently less abun-

dant in the central portions of the cells, and definitely indicated in the

peripheral layer. The granules give a slightly more marked reaction for

" masked " iron as well as for organic phosphorus, and this fact, com-

bined with their capacity for taking up haematoxylin, would seem to

indicate that they are formed of a compound analogous to chromatin.

The difference between the structure of the threads, and that of the

" spirilla " and the " comma " forms in regard to granules, may be due to

some inherent difference in the process of nutrition in the two different

types, but it may also be explained on the view of Winogradsky that

these types are not genetically connected, that they belong to different

species of Sulphur Bacteria.

Whether this is correct or not does not afifect the question that, in all

these types of structure, there is nothing to simulate a nucleus, even of

the most rudimentary description. It can scarcely be contended that

the granules, the affinity of whose substance to chromatin is shown by
their containing, in a small degree, " masked " iron and organic phos-

phorus, are morphologically of the value of nuclei, or even of nucleoli,

as Mitrophanow appears to claim.
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Summary.

1. In Beggiatoa alba and B. niirabilis there is no differentiation of the

cytoplasm, as Blitschli finds, into a central body and a peripheral layer

The centrally placed portion of the cytoplasm contains, in the well-

nourished fresh cell, a number of sulphur droplets, and frequently the

cytoplasm between the droplets may be more condensed than at the

periphery of the cell, but usually both portions stain equally deeply.

2. The compounds of " masked " iron and organic phosphorus are

uniformly and equally diffused throughout the cytoplasm in the threads

of B. alba and in B. niirabilis, and the organic phosphorus is found uni-

formly distributed in those cells which contain unshrunken cytoplasm.

When granules which stain with haematoxylin occur, they are found to

contain " masked " iron and organic phosphorus.

3. In the "spirilla," in the "comma" forms and in the "cocci," the cyto-

plasm shows characters like the cytoplasm of the threads, but there are,

in addition, granules which give slight reactions for " masked " iron

and organic phosphorus, and which, therefore, are constituted of a sub-

stance analogous to chromatin.

4. There is, in all these forms, no specialized chromatin-holding struc-

ture in the shape of a nucleus of any kind.
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THE YEAST CELL.

L

—

Literature.

The structure of the Yeast Cell, and more especially the question

whether it has a nucleus or not, has been the subject of investigation by

a large number of observers since 1844, when Nageli' affirmed the exist-

ence of a nucleus in this organism. Chief amongst these were

Schleiden- (1849), Brucke' (1861), Schmitz" (1879), Strasburger^ (1884,

1887), Zalevvski'^ (1885), Krasser^ (1885 and 1893), Hansen' (1886),

Zacharias' (1887), Zimmermann^" (1887), Raum^^ (1891), Moeller^- (1892

and 1893), Hieronymus^^ (1893), Janssens^* (1893), Dangeard^^(i893 and

1894), Macallum^'^ (1895 and 1898), Buscalioni" (1896), Wager^' (1897

1 Zeit. fur Wiss. Botanik, Vol. I, p. 45, 1844.

2 " Grundziige der Wiss. Botanik," 1849, p, 207.

3 "Die Elementar-organismen." Sitzung-sber. der K. Akad, d. Wiss. zu Wicn, Math-Nat. Classe,

1861, Vol. XLIV, Abth. 2.

4 " Untersuchung-en i'lber den Zellkern der Thallophyten," Sitzungsber. der Niederrhcin. Gesell. fiir

Natur-und Heilkunde zu Bonn, Sitzung am 4 Aug., i87<9.

5 "Das Botanische Practicum," p. 339. 1887. Also edition of 1884,

6 " On Spore Formation in Yeast Cells." Transactions of the Scientific Academy of Cracow.

(Polish). Vol. XIII, 1885. Abstract in Bot. Centralbl.. Vol. XXV, p. i, 1886.

7 " Ueber das angebliche Vorkommen eines Zellkerns in den Hefezellen." Oestereich. Bot. Zeits.,

1885 ; also :
" Ueber den Zellkern der Hefe :

" ibid., 1893, p. 14.

8 " Recherches sur la Physiologic et la Morphologic des Ferments Alcooliques." Meddelser fra

Carlsberg Laboratoriet, Vol. II, p. 152, 1886.

9 " Beitrage zur Kentniss des Zellkerns und der Sexualzellen." Botanische Zeitung, 1887, Nos. 18-24

10 "Die Morphologic und Physiologic der Pflanzenzclle." Breslau, 1887, p. 25.

11 "Zur Morphologic und Physiologic der Sprosspilze." Zeitschr. fiir Hygiene, Vol. X, p. i, 1891

.

12 " Ueber den Zellkern und die Sporen der Hefe." Centralbl. fiir Bakt, und Parisitenkunde.

Vol. XII, p. 537, 1892 ; also :
" Weiterc Mitthcilungcn uber den Zellern und die Sprosse der Hefe :

"

ibid.. Vol. XIV, p. 358, 1893.

13 " Ueber die Organization der Hefezellen." Ber. d. deutsch. Bot. Gesell., Vol. XI, p. 176, 1893.

14 " Beitrage zu der Frage iiber Kern der Hcfezcllc." Centralbl. fiir Bakt, und Parasitcnkunde,

Vol. XIII, p. 639. 1893.

15 " Sur la structure histologiquc des levures et leur d6veloppement." Comptes Rendus, Acad. d.

Sciences, Vol. CXVII, p. 68, 1893 ; also: " La structure des levures et leur d^veloppement." Le Botaniste,

1894, p. 282.

16 "On the Distribution of Assimilated Iron Compounds, other than the Hjemoglobin and H^matius,

in Animal and Vegetable Cells." Quart. Journ. Micro. Sci., Vol. XXXVIII, p. 243, 1895; also: "On the

Detection and Localization of Phosphorus in Animal and Vegetable Tissues." Proc. Roy. Soc, Vol. 63,

p. 467, 1898.

17 "II Saccharomyces guttulatus Rob." Malpighia, Vol. X, 1896.

18 ''The Nucleus of the Yeast Plant." Report British Association, Toronto Meeting, 1897, p. 860;

also: ibid., Bristol Meeting, '898, p. 1,069, a"*! Annals of Botany, Vol. XII, p. 499, 1898.
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and 1898), Janssens and Leblanc^ (1898), and Bouin- (1898), a fairly-

full account of whose observations, as of those of others, is given by
Wager (1898) to which the reader may be referred. Many of the

observations, especially those of more than ten years ago were made
with imperfect means and methods, and although there is amongst the

older observers almost an unanimous agreement on some points, as for

example, the presence of a nucleus, it must be now recognized that

with the employment of the simple methods alone used by them,

no observer can maintain with the same degree of certainty that he can

see the structures which they found, or can admit that what they found

is what they claimed it to be. I propose here, therefore, to limit any
discussions of the observations to those made within the last seven

years, and particularly to those of Moeller, Buscalioni, Wager, Janssens

and Leblanc and Bouin, for these observers not only gave thorough

attention to the structure of the yeast cell, but also used very much
improved methods of fixation and staining. I may add in justification

of my not giving an account of the earlier observations that in 1895 I

discussed these at some length.^

Moeller in his first paper claimed that the yeast cell contains a

nucleus which is homogeneous and without a membrane. This nucleus

changes its shape readily, and, therefore, its position in the cell varies.

Owing to this property it may assume a thread-like form when budding

occurs, a portion of which is thus enabled to pass into the protoplasm

of the bud through the narrow connecting tube. The part which

projects into the bud breaks off and separates with the bud, assuming

finally the rounded form of the mother nucleus. In the spores, how-

ever, Moeller could not find any evidence of the presence of a nucleus,

but in his later communication he states that he found the nucleus in

the spore element, and he describes its character. The nucleus of the

cell, at the beginning of spore formation, enlarges and becomes elongated

and constricted at the middle. The constriction deepens, the ends

separate to the opposite poles of the cell, and the fine thread joining the

two parts breaks, two daughter nuclei being thus formed. A second

and similar division follows. The division is a direct one.

Janssens found in 5. cerevisicB and in ^. Ludivigii a nucleus pro-

vided with a homogeneous nucleolus and membrane, the diameter of

the nucleolus being one-third that of the nucleus. The nucleus divides

1 Recherches cytologiques sur la cellule de levure." La Cellule, Vol. XIV, p. 203, iSqS.

2 "Contribution a I'^tude du noyan des levures." Arch. d'Anat. Microscopique, Vol. I, p. 435,

1898.

3 Quart. Journ. Micro. Sci , Vol. XXXVIII. p. 343.
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in the mitotic fashion, and Janssens claims to have observed the equa-

torial plate and dyaster stages. In spore formation the nuclear mem-
brane disappears, and the plane of the second division is at right angles

to that of the first, the two spindles also being at right angles to each

other. Each spore is provided with a nucleus.

Later Janssens, in conjunction with Leblanc, published a fuller and

somewhat different account of the structure of the cell. They found in

5. cer^visioe and 5. Ludwigii a nucleus with a distinct nuclear mem-
brane, caryoplasm, and a nucleolus constituted of nuclein. The caryo-

plasm is formed of a fine network of fibrils intimately connected with

each other and applied to the nucleolus. When, however, the cells are

put in a fresh culture medium, the nucleus becomes vacuolized, but the

nucleolus maintains its shape and central position, and the protoplasm

remains homogeneous. The vacuolated condition ceases at about the

thirteenth hour. In a longer stay in the medium the protoplasm

becomes granular. Ordinarily the cytoplasm is formed of a typical

reticular structure, the meshes of which contain granules. Both the

contents of the meshes as well as the reticulum and its nodal points, in

some cases, manifest a strong affinity for colouring matters, and it is evi-

dent that this is due to a nucleo-albuminous substance dissolved in this

structure. When the cells are grown on plaster blocks the granules

may become very large and refracting, but when sporulation begins

these granules disappear, presumably contributing a portion of the

material which constitutes the spores. Glycogen in the cell ordinarily is

dissolved in the enchylema, but when it is very abundant it localizes

itself in vacuoles which may fill the cell. When the cell buds, the

nucleolus elongates and divides, but the two parts remain united by a

strand of substance apparently like fibrils, which may slightly resemble

a spindle. The two nucleoli pass toward that part of the cell which is

giving rise to the bud. The nuclear membrane and the car)^oplasm

disappear, leaving the nucleoli nude. A structure which resembles, to a

certain extent, a cell plate, makes its appearance in the cell between the

two nucleoli. The process up to this point is a rudimentary form of

kinesis. One of two nucleoli slips into the bud, and now, if not before,

the nuclear membrane re-forms about both. The bud thus constituted

is, in all respects, like the mother cell.

In the formation of the spores, the authors find that early in the spore

mother cell the nucleolus divides, as already described, but the nuclear

membrane does not disappear. This is not accompanied by any divi-

sion of the cell. After some hours, however, only one nucleus with a

large nucleolus is observed. The authors believe that the two nucleoli
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originally present have fused or conjugated, that is, fecundation has

taken place. This is followed by division of the large nucleolus, the

elongation taking place in the long axis of cell. In each of the two

nucleoli thus formed a second division occurs, immediately following

the first, the elongation of the two daughter nucleoli being at right

angles to each other. When the four nucleoli are fully formed the

membrane develops about each, and around each of the nuclei thus

constituted the protoplasm collects, a membrane finally forming about

each mass, which becomes a spore.

According to Buscalioni, whose observations were made on 5. guttu-

latus, the yeast cell contains a nucleus which ordinarily is homo-

geneous, and its division is by constriction. This obtains when budding

occurs, the two daughter nuclei remaining connected by a thin fibril

until one of them enters the bud. This is simple fragmentation. In

the formation of spores, however, the nucleus undergoes a slightly

different species of division which may be looked upon as a rudiment-

ary kind of kinesis.

Bouin found a sharply defined nucleus which,during fermentation, sends

prolongations into the cytoplasm. The latter are less sharply defined

the further they proceed from the centre of the nucleus. The nucleus

ordinarily may be granular, or may contain in its interior irregular,

deeply stainable masses. In some cells a nucleus would appear to be

absent. In these an intense stain may serve to show a nucleus poor in

chromatin ; but cells which do not appear to have a nucleus have lost it

by its transference, without division, into the bud. The nucleus may,

under certain conditions, divide and re-divide, while the cell may remain

undivided, and Bouin holds that this multiple division of the nucleus

accounts for the number of chromatin granules found in some yeast

cells. The granules are, in this case, nuclei, and the cell containing

them, multinucleate. The division of the nucleus ordinarily is amitotic,

that is, there is elongation of the nucleus with constriction, the thread

uniting the two ends becoming more and more delicate till rupture

occurs. One of the two daughter nuclei thus formed passes through

the canal between mother cell and bud, and into the latter, where it

becomes spherical. No striation of the cytoplasm between the two

daughter nuclei was observed, nor was any evidence of an equatorial

plate and of chromosomes found. In the formation of spores the

nucleus divides into two chromatin masses, which separate, then become

rounded, and constitute the nuclei of the spores. This mode of division

is intermediary between mitosis and amitosis.
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Wager from his first observations, claimed that in S . cerevisicz d. spher-

ical homogeneous nucleus is to be found placed between the cell wall

and the vacuole, which, after digestion in pepsin -glycerine solution,

reveals a granular structure. From this he concludes that it consists of

deeply stainable granules imbedded in a less stainable matrix. The

granules are probably formed of chromatin. In budding, the nucleus

divides directly, and this occurs in the narrow passage between the

mother cell and the bud. When division is to take place, the nucleus

places itself opposite the opening and proceeds to make its way into the

bud, until about half of it has passed through, when it divides com-

pletely, the products constituting nuclei for the mother cell and the bud.

In the cell about to sporulate the large vacuoles disappear, the proto-

plasm is beset with small ones, and the homogeneous nucleus is

centrally placed. In it, granules, however, soon make their appearance,

which accumulate in the centre, and look like a nucleolus. In division,

the outline of the nucleus becomes irregular, and the granules arrange

themselves in the form of a short rod, surrounded by other portions of

the nucleus, which stain differently, and appear to form a structure

like a spindle. The granules form two groups, each of which constitutes

a nucleus, and each of the two nuclei divides in the same way, forming

thus the nuclei of the spores. Around each of these nuclei protoplasm

accumulates and a membrane forms. This form of nuclear division

Wager regards as a simple form of karyokinesis. In 5". Ludwigii, he

found a nucleus with membrane, and a nuclear network and nucleolus

the latter containing all the chromatin. In division, the nucleolus

increases in size, and divides, each part becoming a nucleus.

In the paper detailing his later observations. Wager gives a fuller,

and, in some respects, a considerably different account of the yeast cell.

In the fresh, actively growing organism the cell contents are clear and

homogeneous, with sometimes one or more bright refracting granules. In

this condition a vacuole or vacuoles can be seen, and in each occurs at

least one refracting particle which is in a state of movement. The

vacuoles disappear in a later stage of fermentation, and the protoplasm

then appears homogeneous and clear ; but, when the culture medium

becomes exhausted, the contents become granular and possess fat

globules, the protoplasm shrinks from the cell wall, and the cell presents

an appearance of disintegration. In compressed yeast, on the other

hand, the cells are rich in refracting granules, which are sometimes

uniformly distributed through the protoplasm, sometimes located around

the vacuoles, or grouped together at one side of the cell.

In regard to the nuclear apparatus. Wager distinguishes two struc-
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tures : one of which he calls the nuclear body, while he terms the

other the nuclear vacuole. The nuclear body, which is the nucleus of

Moeller, and of his own earlier observations, is homogeneous,

but surrounded more or less completely by granules, and which, with

low powers of magnification, give it a granular appearance. It is, in

actively growing cells, usually in close contact with the cell wall, but it

may, in a few cells, be more centrally placed. In relation frequently

to this nuclear body there are granules, first described by Hieronymus,

some of them of an oily nature, others of a proteid character, sometimes

grouped about the nuclear body, sometimes in its immediate neighbor-

hood or distributed throughout the cell. At times these form a coiled

thread. The nuclear vacuole, which is in contact with the nuclear body

in growing cells, contains chromatin, sometimes in the form of granules,

sometimes in the form of a network, sometimes as an irregularly shaped

mass attached to the wall of the vacuole by fine threads. In some cells

all the chromatin substance appears to reside in the vacuole ; in others

it is diffused through the protoplasm, and in some cells again it appears

in the nuclear body. The vacuole Wager regards as the nucleus of

Janssens and Leblanc, and the nucleolus of these observers con-

stitutes his nuclear body. The nuclear vacuole may persist but for

a short time. After fermentation has proceeded for some hours it dis-

appears, and its place is occupied by a granular network in contact with

the nuclear body. The vacuoles seem to arise by fusion of minute

vacuoles which develop in connection with what appears to be chroma-

tin granules.

In regard to division. Wager found that the nucleolus (the nuclear

body) is separated from the bud by the vacuole, which, as the bud deve-

lops, begins to pass into it. At the same time, the nucleolus makes its

way to the base of the opening, and there, or in the neck, at once begins

to elongate and constrict for division. The vacuole at this time divides,

but not completely or equally, the smaller portion being found in the

daughter cell, both parts remaining connected by a granular thread.

The divisions of the nuclear body are nearly or quite equal, and one of

them makes its way into the daughter cell. When the nucleolus is in

the neck, the constriction takes place with the ends in the mother and

daughter cells. When there is no vacuole, the granular network in

contact with the nuclear body undergoes division into two more or less

equal portions, either in the mother cell or in the neck of the bud. The
granules which the young bud thus receives seem to develop, in some

way, the vacuoles which form the single large nuclear vacuole.

In sporulation the nuclear vacuole disappears, or its place is taken by
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two or more smaller ones which in turn are replaced by many others

and, as a consequence, the protoplasm acquires the foam structure of

Blitschli. The nuclear body moves towards the centre, the protoplasm

condenses about it, and on the periphery of this condensed zone deeply

stainable granules collect. The nuclear body now appears to take up
from the surrounding cytoplasm all the stainable material, and to

deposit it in its centre as a granular mass. The division of the nuclear

body occurs as Wager describes it in his earlier paper.

In regard to the nature of the nuclear apparatus, Wager regards it as

a simple form of a nucleus, although he admits the possibility of it being

either a primitive structure representing an early stage in the organo-

geny of the nucleus, or a degenerated form of nucleus. The division

of the nuclear body, he thinks, may be regarded as a case of direct

division, but, in his opinion, it may also be a very simple case of kary-

okinesis.

In my own studies on the distribution of assimilated compounds of

iron, I pointed out that, in 5. cerevisicB and S. Ludivigit, chromatin is to

be found distributed throughout the cytoplasm of the cells and, some-

times, also in the latter in the form of granules ; but, in 5. Ludwigii, it

may be found chiefly at the periphery of each large vesicle, when only a

few large vesicles are present in the cell. In this form also there is a

substance constituting corpuscles of a nucleolar character, the nuclei of

Moeller, vvhich stains with eosin, and gives a marked reaction for iron,

but differs from chromatin in remaining unstained after treatment with

haematoxylin. My conclusion was that there is no nucleus, although

such an organ may occur in other stages of this organism. In a later

contribution embodying the results of observations made to determine

the distribution of organic phosphorus in animal and vegetable cells, I

pointed out that in the yeast cell the phosphorus-holding substance, or

nucleo-proteid, although sometimes in the form of granules or spherules

which have been taken for nuclei, is frequently dissolved in the cyto-

plasm.

It will be seen from this abstract of the more recent literature on the

yeast cell, that there are some discrepancies in the views of various

investigators of the subject. An agreement is indeed found as regards

the division of the nuclear body or nucleolus, but not as to the manner
of this division. The most radical difference, perhaps, exists between

Wager, on the one hand, and Janssens and Leblanc on the other, as to

what constitutes the nucleus, and as to its structure apart from the

nuclear body or nucleolus.
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II.

—

Method of Study, and Species Studied.

The fixing reagents which I used were corrosive sublimate and

picric acid, each in saturated aqueous solutions, the chrom-osmio-acetic

mixture of Flemming, and a one per cent, solution of potassic iodide

saturated with iodine. Undoubtedly for yeast cells the best of these, in

my experience, are corrosive sublimate and Flemming's fluid. They
produce less alteration in structure than any other, and they do not,

when properly used, alter the staining power of any part of the yeast

cell. The most satisfactory method of employing them was to allow

them to act in bulk on a large number of yeast cells, separated from the

actively growing cultures by centrifuging the latter. After the reagents

had acted sufficiently long the fluid was decanted, distilled water was

poured upon the cells, which were immediately subjected to centrifuge

action and thus separated, when they were treated with alcohols of

gradually increasing strengths. With these reagents also I obtained

reliable cover-glass preparations, in which drying of the cells was not a

factor, by spreading a film of the yeast culture on the cover-glass, and

then, with this face downward, placing it floating on a quantity of the

solution, to remain there for from one to twenty-four hours. The fluid,

at the moment of touching, removed very many of the elements, but

enough were left adherent to make a good preparation. Afterwards

the cover-glass so treated was placed in alcohol of 30, 50, 70, and 90
per cent, strengths successively.

The cover-glass method of preparation could not be employed with

the other reagents except to some extent in the case of iodine, as these

remove from the cover all the cells. The only safe way of fixing with

these solutions was to allow them to act on the yeast cells in the test

tube. They were separated completely from the fluid, after the required

time for complete fixation, by centrifugalizing the fluid. The hardening

in these cases was completed by the use of alcohols of 30, 50, 70, and 90

per cent, strengths successively. The cells were completely separated

in these cases by gravity. In the case of the iodine solution the method

employed by some of allowing a film of yeast cells to dry on a cover-

glass, and then placing it in the reagent, has no advantage over the one

described, and I am not sure that it is free from objection. It is dif-

ficult to believe that yeast cells can be unaffected when the fluid about

them is completely removed by evaporation. I have, therefore, avoided

this method of preparation, as well as that in which heat alone is used

for the purpose of fixation.
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With regard to iodine solutions more particularly, it is necessary to

use a word of caution. The prolonged action which is required with this

reagent affects the proteids of the cell, and must change consequently

the reactions of the cellular structures to staining solutions. I have

found that it alters and changes the staining capacity of the cell in Spiro-

gyra, as well as of various animal tissues, and it can scarcely be admit-

ted that it has no effect on the cytoplasm of the yeast cell. I find that

it greatly diminishes the affinity of the chromatin distributed through-

out the cell for haematoxylin and other dyes which, in the case of cor-

rosive sublimate preparations, select only the chromatin. The reagent

does, indeed, assist in fixing the yeast cells in such a way as to single

out for special demonstration a spherical, more or less homogeneous

body, known to certain investigators as the nucleus, and to others as the

nucleolus or nuclear body ; but this property depends on the power of

the iodine to change the chemical character of the cytoplasm in a

greater degree than that of the nuclear body which is homogeneous

and dense.

Amongst the st^^ining reagents which were used were haematoxylin,

safranin, eosin, and acetic-methyl green and methylene-blue. The solu-

tions of haematoxylin gave the best results and, more particularly,

Delafield's, Ehrlich's, and Meyer's (haemalum). The solutions were made
very dilute, so much so that it required always from sixteen to eighteen

hours' application of the fluid to bring out the full stain. The iron-

alum haematoxylin of Heidenhain was also employed, and it is of value

in revealing the structure of the cytoplasm of the yeast cell, but it is of

no value as a micro-chemical reagent, and it does not show any sharp

distinction between chromatin-holding and chromatin-free cytoplasm.

Eosin was used as a counter stain to haematoxylin. Acetic-methyl

green was employed on the fresh cells, and methylene-blue on the cover-

glass preparations.

The organic iron and phosphorus compounds were demonstrated in

the manner described in the case of the Cyanophyceae. The yeast cells

were, for this purpose, always hardened in alcohol. To reveal the dis-

tribution of organic iron the cells were mounted on a slide under a

cover-glass, in a mixture of glycerine and fresh ammonium hydrogen

sulphide, and the preparation kept at a temperature of 6o°C. for a week.

To demonstrate the organic phosphorus, the cells were kept in a solu-

tion of ammonium molybdate in nitric acid for five hours, after which

they were washed in distilled water for a few minutes, and then sub-

jected to the action of a 2 per cent, solution of phenylhydrazin hydro-

chloride, which converted the molybdic portion of the phospho-molyb-
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date into a greenish-blue compound. The cells, washed with distilled

water and dehydrated, were mounted in balsam.

The species studied were Saccharo myces cerevisics, S.Ludwtgii, and two
found in cultures obtained from the throat in suspected cases of diph-

theria. The specimens of 6". cerevisioe and 6". Ludwigii, employed for

the purposes of preparation, were in the actively growing condition in

Pasteur solutions, from which a quantity of the cells, separated by
centrifugalization, was taken hourly, starting with the commencement of

growth, up to the twentieth hour, and treated as indicated above. Cul-

tures of 5. Ludwigii, in the sap of the iron-wood tree, Ostrya virginica,

and of the maple, gave very valuable and instructive preparations. For
the study of sporulation .S. cerevisicB was used, the sporulation having

been brought about by cultivation in a 5 per cent, solution of sugar, as

indicated by Wager.

III.

—

General Cell Structure.

In the fresh yeast cell at the beginning of fermentation, even with the

highest powers of magnification, very little can be made out, except the

occurrence of granules and vacuoles. These are grouped irregularly in

the cell and their number and character may vary, although as a rule

there is but one large vacuole. In some young, actively growing yeast-

cells, that is in those which are observed two hours after the commence-
ment of fermentation, there may be no vacuoles observable. In such,

however, one or more granules may be found. This condition may be

observed also in cultures of from sixteen to twenty hours.

Many of these granules appear to possess a fatty nature. When the

yeast cells of this stage are hardened in Flemming's fluid for twenty-four

hours the granules take a dark tinge, due apparently to the reduction of

the osmic acid derived from the solution. They are not nearly as

numerous in preparations hardened in alcohol as they appear to be in

the fresh cell. At a later stage of fermentation the granules present are

of a different composition. They do not react, or at most react but

slightly, with the osmic acid of Flemming's fluid. They seem to be of a

purely proteid character, for when the hardened cells are heated with a

solution of potassic plumbate the granules acquire a light brown colour,

this fact indicating the presence of organic sulphur. These granules

were found to react also with freshly made Millon's reagent in from

eight to ten hours without the application of heat.
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It is of course possible that granules which give the reaction with

osmic acid do not consist wholly of fat, for the reaction in all cases is not

intense enough to suggest a purely fatty composition. The basis of

apparently all the granules seems to be a proteid substance which may

vary in its particular character from stage to stage in the process of

fermentation, and in these granules the fat which may be demonstrated

is deposited.

The structure of the cytoplasm varies. When the cells of 5. Ludwigii

of early stages of fermentation are hardened in Flemming's fluid and

stained in Heidenhain's hematoxylin, we get an appearance like that

illustrated in Figs. 36, n, and 38. In these the cytoplasm is shown to

contain a reticulum whose meshes are delicate and whose nodal points

are thickened. In some cells, as for example in Fig. 38, the reticulum

forms a ring around a cospuscle, whose nature will be discussed below.

In other cases the reticulum is in intimate connection with the corpuscle.

In corrosive sublimate preparations a reticulum is not readily observ-

able, and this is due to the property the reagent has of fixing not only

the reticular portion of the cytoplasm, but all the proteids in its meshes,

whereas the acetic acid of Flemming's fluid dissolves out some of these.

Indications, however, of a reticulum can be found if the stain of the

iron-alum haematoxylin is carefully decolourized with weak iron-alum

solutions.

When the cells have been prepared with iodine solution and stained

with iron-alum haematoxylin the reticulum shown is coarser as a rule

than in Flemming's fluid preparations, the meshes are larger and the

trabeculae thicker. I am inclined to regard this result as due to the

iodine reagent which fixes the cytoplasm slowly, and consequently

may permit plasmolytic alterations.

The presence of vacuoles affects only slightly the reticular structure,

merely condensing the cytoplasm in their immediate neighborhood.

In corrosive sublimate preparations which have been carefully stained

with Delafield's or Ehrlich's haematoxylin or with Meyer's haemalum,

the cytoplasm gives unmistakable evidence of the presence of chromatin

diffused through it as well as localized at particular points. This diffuse

distribution causes the whole cell to be deeply stained when one employs

the ordinary staining reagents, in the concentrated form which is usual

in the case of other cytological preparations. It is the most striking

point that one finds when one for the first time makes preparations of

yeast cells, and this being so it is surprising that little attention has been

given to it in the literature of the subject.
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In the cytoplasm as Errera^ has shown, may be found glycogen, and

it occurs in abundance in the cells of the later stages of fermentation.

When iodine solution is applied to the cells from Pasteur solutions in the

first nine hours after fermentation begins, very rarely only does it show

the presence of glycogen, and then only in the form of minute granules.

The slight brown tint which the cytoplasm in general at this time gives

is due to the absorption of iodine by the cytoplasmic ehromatin, and is

not due to dissolved glycogen. In cells of from ten to thirteen hours of

cultivation in Pasteur solutions the glycogen occurs in small masses in

the cell. These masses, of which there is usually one to each cell, vary

in size, and are more or less irregular in outline and placed adjacent to

the cell membrane. In later stages the glycogenic mass may be so

large as to occupy the greater part of the cell.

IV.

—

The Chromatin-holding Structures.

In yeast cells which have been hardened in Flemming's fluid or in

corrosive sublimate solutions, and stained with very dilute solutions of

Ehrlich's or Delafield's haematoxylin applied for from sixteen to twenty

hours, one finds, as already pointed out, a slight colour, due to the

presence of chromatin in the cytoplasm generally, and a very deep stain

at one or more points in the cell. The latter may also be demonstrated

by employing the iron-alum haematoxylin method for staining, but as it

is not selective its action is less clearly indicative of the presence of

chromatin, or of substances allied to chromatin, than that of the staining

reagents mentioned. The diffuse stain which is given to the cytoplasm

may serve to obscure the presence of a structure or structures which may
be present.

One frequent type of this structure is, ordinarily, a spherical mass like

that represented in Figs. 36, 37, and 38, and, as in these cases, varying

somewhat in size. This body, w^hich I may term, for the sake of brevity,

the corpuscle, is, in the great majority of cells, homogeneous and dense,

and it stains much more deeply than the cytoplasm generally. It is

not, however, always present, for it appears to be absent in cells in the

different stages of fermentation, and no method of hardening and

staining the cells will demonstrate its presence in all. This has been

admitted by Bouin and Buscalioni. The former observer tried, by

deeply restaining cells which at first appeared to be free from

corpuscles, to bring out the presence of the latter, but succeeded only in

I Report British Association, Bristol Meeting, i8g8, p, i,o68.
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a few of such cells, in which the corpuscles were found to be deficient in

chromatin. Buscalioni believes that yeast cells exist which are free

from these bodies. Sometimes, on the other hand, one finds yeast cells

also which contain not only one but several corpuscles, each, however,

smaller than the single corpuscle of other cells.

Very rarely in preparations of 5. cerevisi(je but very frequently in those

of 5. Ludwigii as cultivated in the sap of the ironwood tree {Ostrya

virginica), the corpuscle instead of being spherical and homogeneous,

is irregular in contour and consists of one or more deeply stainable,

dense granules, imbedded in a substance which constitutes the greater

part of the corpuscle, and which is less markedly affected by dyes.

Sometimes the irregularities in the contour may be so great as to give

the corpuscle a stellate appearance. Bouin observed corpuscles of

similar shape and structure in 5. cerevisicB and S. pastorianus.

The corpuscle is the nuclear body of Errera and Wager, and the

nucleus of Moeller, Bouin, Buscalioni and others. As these authors

describe it, it divides by a process which is a simple form of karyokin-

esis, and, therefore, it is in their view a fully developed chromatin-

holding organ. According to Janssens and Leblanc the corpuscle is a

nucleolus of a nucleus which can, by appropriate methods, be revealed

as surrounding and containing the nucleolus. This nucleus further is

provided with a membrane which becomes invisible when division of the

nucleolus takes place, the caryoplasm also disappearing.

In preparations hardened with iodine solution and stained with dilute

haematoxylin, a body like the nucleus of Janssens and Leblanc can be

observed surrounding the " nucleolus," but it is found only in a small

number of cells, whereas in the greater number the " nucleolus " or

corpuscle lies free in the cytoplasm. In preparations also made with

Flemming's fluid and stained with iron-alum haematoxylin, the corpuscle

is rarely found to be included by a structure like that described by these

authors, and when the latter is observed it contains no chromatin and

does not give any evidence of structure in its interior. It is as such quite

different from the corpuscle already referred to, to be found in S.

Ludwigii when cultivated in sap. What it is I am not certain, but I am
inclined to regard it as a vacuole which, placed above or below the

corpuscle, may with the latter strongly resemble a nucleus and nucleolus.

In iodine preparations stained with iron-alum haematoxylin, the structure

in question may be absolutely unstained while the " nucleolus " or

corpuscle, and the cytoplasm are deeply coloured. On the other hand,

one may find a vacuole, whose wall is rich in stainable material, overlie
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or underlie a corpuscle, giving exactly one of the conditions described

and illustrated by Janssens and Leblanc.

The corpuscle does not in the fresh cell react with acetic-methyl green

like a chromatin body. Preparations of this reagent, which would bring

out clearly in fresh animal and vegetable cells the chromatin-holding

structures, left the corpuscles of the yeast cell, even after hours, unaf-

fected, while the cytoplasm stained readily. Another point of contrast

is to be found in its affinity for eosin, which is more readily absorbed

and retained by it than is haematoxylin.

In the throat yeast the corpuscle was, in the great majority of

instances, more or less irregular in outline, always excentrically placed,

and in the great majority of cells, in close contact with a vacuole.

Sometimes it was crescentic in outline, the vacuole fitting into its con-

cavity. In this form very little chromatin was found in the cytoplasm

and as a consequence the corpuscle stood out quite clearly.

In vS". Ludwigii as it grew in the sap of the iron-wood tree, fixation

with Flemming's fluid and staining with iron-alum haematoxylin and

eosin demonstrated the corpuscle frequently as a reddish body, having

at times a tint of blue-violet and surrounded by a garland-like structure

formed of deep blue-violet-stained chromatin. This structure, on closer

analysis, is found to be formed of granules and elongated masses of

chromatin. Sometimes it appears open or discontinued at one side, and,

especial!)' if the corpuscle is pear-shaped, its prolongation extends

be}'ond the limits of the chromatin structure. Usually, however, in these

preparations the structure is closely applied to the corpuscle. When
there are two corpuscles in the cell there is a structure in question about

each of them. Rarel}' the corpuscle appears separated from the cyto-

plasm, and, consequently, from the garland-like structure, by a zone of

clear space. (Fig. 28).

I regard this garland-like structure formed of chromatin as quite the

same as the membrane of fine granules closely applied to, and com-

pletely surrounding, the " nucleolus," as described by Wager, who found

that the granules and nucleolus stained differently. In my preparations

of .S. cerevisioe the membrane does not appear as uniform and as regular

as Wager figures it ; and its irregularity, and sometimes the absence of

close contact between it and the corpuscle, remind one strongly of the

conditions in S. Ludwigii. The point to note specially is the contrast

in staining presented by the corpuscle and the structures surrounding it.

The latter has a marked affinity for haematoxylin, while the former

absorbs eosin readily. Sometimes, in corrosive sublimate preparations
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stained with very dilute solutions of haematoxylin, the corpuscles may
be unstained, or stained no more deeply than the cytoplasm generally.

(Fig. 28).

In ordinary cultures of .S". Ludwigii the garland-like structure may
be so infrequently present in its typical form as to be overlooked. Then

in many cells granules like those found by Wager and Bouin in

6". cerevisicB may be observed. This illustrates how much, as regards

structure, is dependent on the mode of cultivation of the yeast cell.

When yeast cells, hardened in alcohol, were submitted at 37°C. to

digestion in artificial gastric juice, made by dissolving some glycerine

extract of pepsin in a 0.2 per cent, solution of hydrochloric acid,

after forty-eight, seventy-two, and ninety-six hours there were very

few evidences of the occurrence of corpuscles remaining, nor was there

any stainable substance left in the cytoplasm. The corpuscles seem

to be affected very much by the digestive solution, for even when

the cells were deeply stained with the iron-alum haematoxylin, cor-

puscles were only rarely found, and then they appeared with a large

vacuole in their interior (Figs. 39 and 41), or to have lost their

stainable substance (Fig. 40). These traces of the corpuscle also

disappeared after treatment of the preparations for 24 hours with

a o. I per cent, solution of potassic hydrate. The results of the treat-

ment with artificial gastric juice seem to indicate that the stain-

able substance in the cytoplasm and in the corpuscles is different from

the chromatin of the nuclei of other organisms, which is unaffected by

this fluid.

Similar results were obtained when fresh cultures of .S. cerevisicB, in

Pasteur solution, were digested for forty-eight hours or more in artifi.

cial gastric juice, after which the cells were fixed with iodine solutions

and hardened in alcohol. Only very rarely in these, even after the most

careful application of the various methods of staining, and especially

of the iron-alum haematoxylin process, did I succeed in finding traces of

a corpuscle. The cells of such preparations seem to have lost their

power to stain with Ehrlich's and Delafield's haematoxylin solutions, but

to have increased their affinity for eosin.

The micro-chemical reactions are quite decisive as regards the rela-

tionship of the stainable substance. When the glycerine-ammonium

sulphide method is employed to demonstrate the organic iron in cells of

5. Ludwigii and 5. cerevisice, the results obtained after ten days at the

latest distinctly demonstrated the presence of " masked " iron in the

one or more corpuscles which may be present in each cell in the walls
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of the vacuoles, and in the cytoplasm generally (Figs. 42-49). The
reaction is usually intense in the corpuscles, so much so that they may
appear not dark green but black from the excess of ferrous sulphide

developed in them by the reagent. The reaction in the cytoplasm is

much less marked but distinct. It may be diffuse, but if the prepara-

tion, though successful, has been only a few days in the reagent, one

may observ-e, in a majority of the cells, that the reaction is limited to

the cytoplasmic network (Figs. 50 and 51). In some cells a series of

granules constituting a membrane about the corpuscles like those

already described, gives a very distinct reaction (Fig. 46). Sometimes
the number and size of the corpuscles thus demonstrated suggest the

character of granules, but there is, in the majority of such cases, one

at least which is of the usual size (Figs. 45, 46, 47, and 49). The
reaction in the wall of the vacuole may be very distinct, and especially

in granules located in it. (Figs. 42, 43, 44, and 48).

On applying the method to demonstrate the presence of organic

phosphorus, the later is found to be localized in the same manner as

the organic iron. The corpuscle is rich in it, and the wall of the

vacuole in contact with the corpuscle gives a distinct reaction for it, and
at times specially in the granules found in it. Portions of the cyto-

plasm, which appear to correspond to the nodal points of the reticulum,

give a deep reaction (Fig. 56).

It is evident from the presence of " masked " iron and organic phos-

phorus, both distributed in the yeast cell to an extent parallel with the

distribution of the substance which stains with haematoxylin, that the

organism contains in its corpuscle or corpuscles, in its cytoplasm, as

sometimes in the wall of its vacuole, a substance closely related to the

chromatin of higher organisms, but differing from the latter in the effect

exercised on it by artificial gastric juice. The stainable substance found

in the corpuscles further differs from ordinary chromatin in that it has

no affinity for acetic-methyl green.

There remain now to be described structures which are, so far as my
observations go, to be found only in vS. Ludwigii, when cultivated in the

sap of the iron-wood tree. The character of these structures is seen by
an examination of Figs, 21-27, and 29, in which they are illustrated.

They are not all of the same type. As in Figs. 21 and 29 one may
observe a large nucleus-like body in which a network, somewhat like that

found in a fully typical nucleus, exists. There may also be a corpuscle

in this structure which simulates a nucleus. In some cases the structure

in question may resemble a nucleus in the stage preparatory to the for-
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mation of the chromosomes (Fig. 23). In other preparations, one may-

obtain cells in which a series of vacuoles is found in close contact with

each other, and all surrounded by a substance which stains deeply in

haematoxylin (Figs. 22 and 24). Rarely one sees structures like those

illustrated in Figs. 26 and 27. In Fig. 25, there are in mother and

daughter cells structures allied in general form to those found in Figs.

22 and 24.

A somewhat similar instance of vacuolation of chromatin-like masses

may be observed in mycelium-like threads developing sometimes

with the cells of 5". Ludwigii in sap cultures. In these the vacuoles

vary from an almost infinitesimal size to that of extraordinary dimen-

sions (Fig. 58). The largest ones appear to be formed of a large num-

ber of vacuoles fused through the rupture of the more centrally placed

partitions (Fig. 58^). In a few cases the fused vesicles may form a very

large structure, presenting some resemblance to a nucleus (Fig. 57).

Whether these structures are formed of that variety of chromatin

which is to be found in yeast cells cannot be decided as yet. The cells

containing them are so few in any preparation made with the glycerine-

ammonium sulphide method to show the distribution of organic iron, or

with the nitric-molybdate reagent to determine the occurrence of

organic phosphorus, that they must only very rarely be observed. In

only one sulphide preparation did I see a cell which appeared to contain

a structure like one of those in question (Fig. 52). In this case the iron

reaction of the substance forming the structure was quite marked. It

would seem to indicate that these structures are formed of yeast

chromatin.

There can be no question about the nature of these structures. They
certainly are not nuclei, either normal or degenerated. They owe their

form and arrangement to a property of chromatin which, I believe, has

not hitherto been regarded as characteristic of it. In the Cyanophyceae,

as already described, the chromatin-like substance not dissolved in the

" central body " forms spherules, in the centre of each of which may be

found a vacuole (Figs. 4, 6, and 1 1). In the Foraminifer, Calcituba poly-

niorpha Roboz,^ the nuclear chromatin before division, at first homo-

geneous, undergoes extensive vacuolation, and upon this process

division depends. Indeed the structure of the nucleus ordinarily would

appear to depend on the inherent power of chromatin to produce vesi-

culation or vacuolation, with the formation ultimately of a reticular

I F. Schaudinn, " Untersuchungen an Foraminiferen. I. Calcituba polymorpha Roboz," Zeit. fiir VViss

Zool., Vol. LIX, p. igi, 1895.
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arrangement. This vacuolation may sometimes be observed, in a

marked degree, in the masses of chromatin from chromatolysed nuclei

in higher animal and vegetable organisms, and it is manifested even in

chromatin nucleoli in normal nuclei. This indicates that chromatin

secretes fluid in certain conditions, and that vacuoles are formed by this

secretion. In the cells of Saccharomyces under consideration, it is not

certain, as was pointed out, that the structures which simulate nuclei are

formed of a chromatin-like substance, but it is probable that they are

constituted of it, and this would explain their appearance, although in

plasmolysed chromatin a like richness of vacuolation has not yet been

observed. I would regard these structures as caused by extensive

vacuolation of chromatin-like masses formed in the cytoplasm.

V.

—

Budding and Sporulation.

In the process of budding a portion of the cytoplasm is forced into a

diverticulum of the cell membrane, the quantity at first forced out being

small, but eventually the bud may contain from one-third to one-half of

the cell contents. It is only in this way that we can explain the

" streaming out " appearance of the cytoplasm in the neck of the bud.

We may see vacuoles elongated and extending into the bud (Figs. 30,

32, 42, 44 and 48), or one or more of Raum's granules having extended

dumb-bell shapes, the extremities of which lie in the mother and

daughter cells. Sometimes also one may find one of the peculiar reti-

culated, chromatin-like masses, described above, occupying, as a dumb-
bell shaped figure, the neck of the bud. The pressure to which the

cytoplasm of the mother cell is subjected and the narrow passage of the

neck of the bud tends to draw out and elongate all the structures which

are forced through the narrow neck.

These conditions are responsible for the elongation and constriction

of the corpuscle as described by Bouin, Janssens and Leblanc, Wager
and others, who regard these phenomena as constituting evidence of

nuclear division. I have found in many instances that the corpuscle is

thus divided between the mother and daughter cells. When the

corpuscle is found in the neighbourhood of the commencing bud, it is,

with the cytoplasm surrounding it, forced to the opening, which is rarely

large enough to permit its passage, and if the diameter is large enough

the cytoplasm that is driven with it prevents the corpuscle from passing

through the opening. The corpuscle, being plastic like the cytoplasm,

may completely fill the passage and project into the interior of the bud,

its dumb-bell form being then quite marked. The constriction may
I98]
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deepen until only a fine strand connects the two terminal spheres, and

when the bud further develops there may be a complete separation of

the two parts, one remaining in the mother cell, the other forming the

corpuscle of the daughter cell. Sometimes, however, the whole corpuscle

is forced through the neck into the bud. This is to be found not rarely

in the sap cultures of 5. Ludwigii and rarely in 5. cerevisicz. Bus-

calioni believes that this happens sometimes in S. guttulatus, and Bouin

found that it does occur in Mycoderma cerevisice. The latter author

would thus explain the absence of a nucleus from some cells. It is in

this way, I believe, that the complete absence of a corpuscle in the mother

cell and the presence of a large one in the daughter cell may be ex-

plained. I have also found the bud in a few cells of S. Ludwigii grown

in sap to contain two small corpuscles, while the mother cell gave not

the slightest evidence of the presence of a corpuscle. In these cases one

of the daughter corpuscles, after their formation by constriction of the

parent structure in the manner described, which should, as is usually the

case, remain in the mother cell, is carried with the cytoplasm into the

bud.

In 5. Ludwigii buds may develop and separate without the con-

striction and division of the corpuscle of the mother cell. This is

specially the case when the corpuscle is in a part of the cell remote from

the commencing bud. Wager states that in this case the nuclear body

(the corpuscle) makes its way to the opening of the mother cell into the

bud and then begins to divide. This may happen, but I have found in

a number of instances the bud full grown, while the corpuscle remained

undivided in the remote part of the cell.

There can be but one interpretation of these facts. The elongation

and constriction of the corpuscle are the results of purely physical forces

and conditions, such as operate on the cytoplasm in the neighbourhood

of the bud, and the constriction and resulting division of the corpuscle

are not absolutely necessary factors in the development of the bud. The

formation of two corpuscles out of one in this way can scarcely be

regarded as a case of direct division or simple karyokinesis, as some

observers have claimed it to be.

In 5. Ludwigii vcid^ny of the buds contain cytoplasm richer in "masked"

or organic iron than that in the parent cell. This would indicate that

the cytoplasm of the bud is richer in chromatin, and the results of

staining with haematoxylin seem to support this view. It is not infre-

quently found that the cytoplasm lining that part of the membrane of

the bud remote from the neck stains deeply and gives a deep reaction
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for organic iron with the glycerine-sulphide method. Perhaps this dis-

tribution may be explained by supposing that the first cytoplasm to pass

out into the developing bud is richer in chromatin-like substance.

Quite different is the action of the corpuscle in sporulation. Here,

however, the cytoplasm also acts differently. When the cell is ready to

sporulate the chromatin dissolved in the cytoplasm begins to concen-

trate in a zone about the corpuscle, the diameter of the zone diminish-

ing as this stage advances, while the corpuscle appears to lose its

distinctness. The concentration advances until all of the cytoplasmic

chromatin is collected in a very narrow zone about the corpuscle which,

in some cases, may appear very finely granular. At this stage occurs

an elongation of the corpuscle and its enclosing body of cytoplasmic

chromatin, the elongation rarely being to the full length of the cell.

The central portion constricts or becomes more and more slender, until

separation of the more or less rounded extremities occurs. Thus two

corpuscles are formed, each with a very narrow enclosing zone of

cytoplasmic chromatin. Each of these now elongates and divides as

the parent structure does. In the second division, however, the cyto-

plasmic chromatin seems to disappear, or perhaps is taken up into the

corpuscle.

My observations on the whole agree with those of Wager, but I

have never been able to find the granules which form in the corpuscle

or nucleolus immediately before and during its elongation, as described

and illustrated by that observer. Nor can I corroborate his view that

the nuclear vacuole, which exists in the cell previous to sporulation^

divides and redivides many times, thus distributing the chromatin

through the cytoplasm, which has, in consequence, a delicate foam-like

structure. So far as my observations go, the chromatin in the cyto-

plasm before the stage of sporulation commences, is not different in its

character or distribution from that found in the ordinary yeast cell, for

example, during budding.

According to Janssens and Leblanc, the act of sporulation is preceded

by a division of the nucleus and its nucleolus, followed by a fusion of

the two nuclei thus produced. These authors believe that this fusion

or conjugation constitutes sexual fertilization. They find that the two

nuclei formed disappear, and in their place, one only, whose nucleolus

is large and distinct, is observed. It is rather difficult to accept this

interpretation. What they claim to have observed as constituting a

nucleus may, as I have pointed out, be found in some cells only, and their

nucleolus is the corpuscle, two or more examples of which may some-
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times be found in the cell. It is, therefore, not impossible to find

frequently in cells in cultures beginning the sporulation stage two small

corpuscles. It is, however, another matter to prove that these corpuscles

fuse to constitute a single large corpuscle, such as may be found in

other cells of the same preparation in which no evidence of fusion

having occurred can be observed.

According to these authors, a spindle formed of very fine parallel

threads constitutes the connecting strand in the division of what they

term the nuclei in sporulation. 1 have never been able to observe such

a structure, but it is possible that what is found in the varieties of

yeast used for observing it by Janssens and Leblanc, may permit the

demonstration of such a spindle more readily than in the forms I em-

ployed. I must say, however, that in 5. Ludwigii, employed by them

also for this object, I was unable to find anything resemble a spindle of

fine threads.

I found in a number of cells of 5. cerevisi(2, a structure which resembles

very much that described by Janssens and Leblanc, and compared by

them to a cell plate. It was a line formed of delicate, closely placed

granules running transversely to the strand connecting the two

developing corpuscles and completely dividing the cell into two halves.

The dotted line was in the majority of cases so fine and so difficult to

see properly that it required the best illumination and the highest

available magnification, to bring it out. Whether it is to be regarded

as a cell plate cannot at present be determined.

The division found in sporulation can scarcely be described as a

simple form of karyokinesis. It is rather to be compared to the

division of a chromatic filament in the formation of two chromosomes.

A more analogous case is that of the division of the nucleolus in

Euglena viridis, as described by Blochman^ and Keutenl In this form

the nucleolus, at the commencement of division, does not disappear as it

ordinarily does in other cells, but remains in all the stages. When the

chromosomes which are formed in the normal way begin to constitute

the dyaster stage, the nucleolus elongates into a dumb-bell figure, the

constriction first observed deepening, until complete separation of the

spherical ends takes place. Each of these passes into the corresponding

daughter nucleus. In this case, while the ordinary chromatin of the

nucleus undergoes division by the karyokinetic method, the nucleolus

undergoes direct division. In sporulation in Saccharomyces'xX. is difficult

1 " Ueber die Kerntheilung bei Euglena." Biol. Centralbl., Vol. XIV, p., 194, 1894.

2 " Die Kerntheilung von Euglena viridis Ehrenberg." Zeit. fiir Wiss. Zool., Vol. LX, p. 215, 1895.

[.01]



66 MACALLUM : CYTOLOGY OF NON-NUCLEATED ORGANISMS

to believe that anything more complex occurs than this nucleolar

division.

If, on the other hand, the division in sporulation is regarded as kary-

okinetic, it must be also held to be an exceedingly rudimentary type of

that process. It would in fact have to be admitted as differing so little

from what is called direct division as to be almost indistinguishable

from it.
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Summary.

1. In Saccharoniyces the cytoplasm is usually finely reticulated, and.

contains one or more vacuoles. It takes a diffuse stain with hasma-

toxylin, and gives a diffuse reaction for " masked " iron and organic

phosphorus.

2. In addition to the chromatin-like substance diffused throughout

the cytoplasm, there is usually a more or less homogeneous, spherical

body in the cell, the corpuscle, the " nucleus," " nucleolus," and " nuclein

body " of various observers, which stains specially with haematoxylin.

and gives the reactions for " masked " iron and organic phosphorus, but

does not stain with acetic-methyl green. This body is neither a nucleus

nor a nucleolus. Several examples of it, though of small size, may be

present in a cell. On the other hand, cells are found without a trace of

a corpuscle.

3. The chromatin-like substance differs from the chromatin of higher

animal and vegetable cells in being soluble in artificial gastric juice.

4. When budding begins, the corpuscle, if placed adjacent to the

point where the bud is developing, becomes elongated and constricted

in its middle portion. One end of the elongated structure may be

forced into the neck of the bud, and when the constriction is completed

by separation of the two halves, the daughter cell may thus receive a

corpuscle. Both daughter corpuscles may pass into the bud, leaving the

mother cell without a corpuscle. A complete bud may be formed with-

out such a division of the corpuscle taking place, and thus the daugh-

ter cell may commence independent life without a corpuscle.

5. In sporulation the cytoplasmic chromatin collects in the immediate

neighborhood of the corpuscle, which also undergoes certain granular

changes, then elongates with constriction in its central part. Each of

the two daughter corpuscles thus formed repeats this process of division

one or more times, th • daughter corpuscles resulting ultimately forming

the corpuscles of the spores.

6. The division of the corpuscles in budding is a purely mechanical

result, and is not essential to the formation of the bud. The division

preparatory to sporulation is apparently a functional act. It is not of

the nature of true karyokinesis, and it may be compared to the division

of the nucleolus in Euglena viridis.
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7. In cells of Saccharomyces Ludwigii, from a culture in sap, one finds,

rarely, structures which strikingly remind one at times of a nuclear

organ. These structures are apparently formed of a chromatin-like

substance, and their existence is due to a property which chromatin

possesses of forming vacuoles in itself. When the vacuoles are fully

formed, the portions of chromatin-like substance separating the vacuoles

may be so delicate as to suggest the occurrence of a network like that

of a nucleus.

Since the foregoing paper was written, the results of an investigation

by Ascoli,^ conducted in Kossel's laboratory on plasmic acid, a variety

of nucleic acid, have been published. The preparation of plasmic acid

examined was obtained from yeast cells, and was found to contain

about I per cent, of iron in a " masked " or organic form. This con-

firms what I have hitherto advanced, and what 1 have described in this

paper, regarding the presence of "masked " iron in combination with a

nucleic or chromatin compound in yeast cells.

I "Ueber die Plaminsaure." Zeit. fur Physiol. Chemie, Vol. XXVIII, p. 426, 1899.
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EXPLANATION OF PLATE.

All the Fig-ures were outlined from the objects with an Abbe camera lucida and as

viewed with a 3mm., 2mm., or 1.5mm. apochromatic oil immersion objective, and an 8,

12 or J 8 compensation ocular (Zeiss).

Fig. I.— Cylindrospermnni majus. Fresh, 48 hour's culture in the laboratory, x 2,000.

Fig. 2.

—

Oscillaria Froehlichii. A cell viewed from the flat surface. Picric acid, picro-

carmine, haematoxylin. x 3,000. The transition from the central body to

the peripheral zone, as represented in the figure is, unfortunately, rendered

too abrupt.

Fig. t,.— Oscillaria Froehlichii. View of two cells from the side, optical section. Picric

acid, picrocarmine, haematoxylin. x 3,000.

Fig. 4.— Tolypotkrix sp. Corrosive sublimate, haematoxylin. x 1,500,

Fig. 5.— Tolypothrix sp. Digestion with artificial gastric juice three days, extracted

with alcdhol and ether, Ehrlich's haematoxylin (dilute) 24 hours, x 1,500.

Fig. 6.

—

Tolypothrix sp. Strong- Flemming's fluid 24 hours, Delafield's haematoxylin.

x 1,500.

Fig. 7.

—

Tolypothrix sp. Corrosive sublimate, Delafield's hematoxylin, x 1,500.

Fig. i.— Oscillaria natans. Digested with artificial gastric juice 6 days, alcohol i day,

alcohol and ether 8 hours, haematoxylin. x 1,500.

Fig, g.—Oscillaria Froehlichii. Dig-ested with artificial gastric juice 6 Weeks, alcohol

and ether, KHO 0.3 per cent. 24 hours, picrocarmine. x 1,360.

Fig. 10.—Microcoleiis terrestris. Dig-ested with artificial gastric juice 3 days, haema-

toxylin, glycerine, x 1,500. The dye has given a greenish-blue tinge to

the cytoplasm in the central part.

Fig. II a and h.—Microcoleus terrestris. Alcohol, a, hydrogen proxide 3 hours, acid

ferrocyanide solution, balsam ; b, haematoxylin, glycerine. x 1,500.

Figs. 12 a.nd \^.— Tolypothrix sp. Alcohol, hydrogen peroxide 3 hours, acid ferro-

cyanide solution, glycerine. x 3,000.

Fig. \ 4,.—Oscillaria Froehlichii (.?). Alcohol, hydrogen peroxide 3 hours, acid ferro-

cyanide solution, picrocarmine, balsam, x 3,000.

Fig. 15.

—

Lyngbia sp. Picric acid, picrocarmine. x 1,000,

Fig. 16.

—

Oscillaria tenerrima. Picric acid, picrocarmine, haematoxylin. x 3,000.

Fig. 17.

—

Tolypothrix s'^. Picric acid, haematoxylin, balsam. x 1,334.

Fig. 18 a and <^.

—

Cylindrospermum tnajus. Old culture, acetic-methyl green. x 3,000.

Fig. ic).—Oscillaria itatans. Fresh culture, artificial gastric juice 48 hours, picrocarmine,

glycerine, x 2,250.

Fig. 20.— Tolypothrix sp. Alcohol, nitric-molybdate 10 hours. Phenylhydrazin hydro-

chloride, balsam. x 1,334.
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Figs, 21-29.

—

Saccharomyces Ludwigii. Corrosive sublimate 8 hours, alcohol, Delafield's

hsematoxylin (very dilute) 17 hours. x 3,000.

Figs. 2P-2,2>-—S<^<^haromyies Ludwigii. Alcohol, Delafield's hsematoxylin (very dilute)

48 hours, balsam, x 2,400.

Figs. 34-35.

—

Saccharmnyces Liidmigii. Corrosive sublimate, alcohol, Delafield's haema-

toxylin (very dilute) 18 hours. x 2,400.

Figs. 36-38.

—

Saccharamyces Ludwigii. Flemming's fluid, iron-alum hematoxylin,

balsam. x 2,000.

Figs. 39-41.

—

Saccharomyces Ludwigii. Artificial g-astric juice, 96 hours, iron-alum

hsematoxylin, eosin, balsam. x 2,000.

Figs. 42-49.

—

Saccharomyces Ludwigii. Alcohol, glycerine and ammonium hydrogen

sulphide 10 days. x 3,000.

Figs. 50-51.

—

Saccharomyces Ludwigii. Alcohol, glycerine and ammonium hydrogen

sulphide 6 days. x 2,250.

Figs. 52-55.

—

Saccharomyces Ludwigii. Alcohol, glycerine and ammonium hydrogen

sulphide 10 days. x 2,250.

Fig. 56.

—

Saccharomyces Ludwigii. Alcohol, nitric-molybdate 5 hours, phenylhydrazin

hydrochloride, balsam. x 3,000.

Figs. 57-58 a-^/.— Mycelial forms ^ro\\\n% \\\\.\\ Saccharomyces Ludwigii in sap cultures.

Corrosive sublimate, hsematoxylin, halsam. x 3,000.

Fig. 59a-r.

—

Beggiatoa alba. "Cocci," " Comma,' and "Spirillum" forms. Corrosive

sublimate, hsematoxylin. < 3,000.

Fig. 60.

—

Beggiatoa alba, " Leptothrix " forms. Picric acid, picrocarmine, haematoxj'lin.

X 3,000.

Fig. 61. - Beggiatoa mirabilis. .Alcohol, nitric-molybdate, 5 hours, phenylhydrazin hydro-

chloride, balsam, x 1,334,
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OBSERVATIONS ON BLOOD PRESSURE, WITH SPECIAL

REFERENCE TO CHLOROFORM

(Reprinted by permissionfrom the Transactions of the Canadian Institute^ igoo-i

)

This paper contains the results of work which I have conducted

during the past three years in the Physiological Department of Toronto

University. A grant of money was made by the Scientific Grants

Committee of the British Medical Association towards defraying the

expenses, and is here gratefully acknowledged.

The work has been of a somewhat intermittent character, owing

chiefly to the difficulty in obtaining a steady supply of animals. The

kymograph used was a Ludwig one, with a glass pen writing in ink

upon white paper running from right to left. The tracings thus obtained

were very long, as often experiments extended over several hours, and

only short pieces of them can be used here to bring out the points men-

tioned in the text.'

I have as far as possible avoided theorizing, being rather content

to state the results which were actually obtained under given

conditions ; a certain amount of speculation however is occasionally

inevitable.

I am greatly indebted to Professor A. B. Macallum for much

valuable advice, and to Dr. F. H. Scott, for constant assistance in the

carrying out of the experiments.

Before actually passing on to discuss alterations in blood pressure

produced by definite causes, one should mention that occasionally

strange falls in the blood pressure of dogs occur without any apparent

cause. If these were not noted they might be wrongly interpreted.

'^^^'''m^!m^,,,mm.^..

.

.

.

Mq^0!j^p\^^^^''^^

Tracing I.—9/38.—Dogf under Morphia, No Chloroform for several minutes. This fall in blood

pressure occurred without apparent cause and gradually disappeared.

Tracing I. shows one of these vagaries. The animal, a mongrel
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spaniel, weighing about 40 lbs., had been given three-quarters of a grain

of morphia an hour before the experiment began. It then was chloro-

formed. After it was completely insensible and for several minutes had

not been taking Rny more of the anaesthetic, this fall in pressure

occurred. It looked somewhat like that produced by irritation of the

vagus nerve, and it was suggested that the canula in the left carotid

might be producing this, but nothing was altered and yet the pressure

recovered of itself and the fall did not recur during the two-hour

experiment.

Traci.N'G II.—3/7.—Dog under Morphia. No Chloroform for several minutes. Shows marked fall in

pressure with slowing of pulse. Animal horizontal. C-^use of fall not apparent and it was spontaneously
recovered from.

Tracing II. shows another fall occurring under similar circumstances

to the last. The animal had not had any chloroform for several minutes.

In this case the fall is even more marked, and looks extremely like that

produced by irritation of the vagus, but it completely disappeared

without any of the factors having been altered, and did not recur.

Such falls as these, when they happen to occur during the actual

administration of chloroform, may be the unexpected ones described

by the Glasgow Commission on Chloroform, which Lieut.-Col. Lawrie

ascribed to asphyxia ; we will refer to this point later on.

It was frequently noted how much different dogs varied as regards

the amount of their blood pressure and pulse rate. Often poorly-

nourished and small varieties of dogs had high pressures, whilst large,

well-nourished animals had the opposite.
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The Normal Effects of Gravitv.

It has long been known clinically that the circulation of the blood is

affected by the posture of the body, and that in weakened states of the

circulation the blood and other fluids, obeying ordinary hydrostatic laws,

tend to accumulate in the most dependent parts of the body. Further,

it had been noted that if the posture of the body be suddenly altered,

e.g., if a person be raised from the horizontal to the erect posture, the

inertia of the blood tends to make it lag, and as a result the upper pole

of the body, including the brain, temporarily becomes more or less

bloodless, and in consequence the individual may actually faint. This

method of inducing insensibility was actually employed by a Parisian

surgeon, who then operated upon his patient, rendered thus insensible

to pain. Hayem' writes as follows :
" Phlebotomists had known for

a long time the influence of position on the production of syncope

when Piorry instituted his experiments on the subject. He bled some

dogs upright, and they fell at the end of a certain time into a sort of

state of dissolution with suspension of respiration. He stopped the

haemorrhage then and placed the animal head downwards, and immedi-

ately it breathed again. Often the same experiment could be repeated

many times on the same dog. I repeated the experiments in 1880 and

found them to be perfectly correct." It has constantly been observed,

moreover, that some individuals are much more susceptible to such

changes of posture than others, and that almost any person if temporarily

weakened in any manner, will tend to suffer from dizziness or even

faintness on suddenly assuming the erect posture.

The effects of different postures and of sudden and gradual

alterations of these, have of late years been studied more accurately in

animals by means of tracings of the blood pressure. The very beautiful

tracings put on record by the Second Hyderabad Commission on Chloro-

form are examples of these observations, and more recently Mr. Leonard

Hill has added some of the same nature. My experiments were done on

dogs, with the exception of a few upon cats, and they confirm largely

what has already been observed and recorded. In each case the animal

was secured in a trough which was so constructed that it could be swung

into any angle with the horizon, with the canula in the artery always

remaining in the axis of rotation. The canula was further carefully

kept at the same level as the manometer. Unless for some special

reason the canula was always placed in the proximal end of the left

I " Death from Haemorrhage," Archives de Phvsiologrie, 1888, p. 102.

'[ill]
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carotid arter}'. The animals were all under the influence of some
anaesthetic, the nature of which is mentioned when necessary ; but as

the effects of posture were more or less the same in all cases, it may
be inferred that they were not due to the anaesthetic, except as regards

degree. As a rule some morphia was first given hypodermically, and

then very little chloroform sufficed to keep the animal quiet.

Tracing III. is from a dog under chloroform. Where the tracing begins

he is horizontal, and the canula is in the carotid. At i the hind feet

were suddenly lowered, and the pressure is seen to markedly fall. When
placed horizontal again at 2 the pressure rapidly rose and went above

the normal for a short time, 3, and then resumed the normal line. This

is a very constant feature in such tracings, and is probably due partly to

inertia, and partly to the compensation which has been taking place

'''"''''^^^^^..^j^\m^'\ r--
^Hi»n^^

Tracing III.— 1/3.—Normal effects oi gravity on carotid blood pressure. Dog under Chloroform.

I Animal placed vertical (feet downwards). 2 Horizontal again. 3 Compensation continuing. 4 Head
downwards. 5 Horizontal again.

against the effect of the vertical position still continuing after the animal

is again horizontal. This compensation, as we shall see, is partly

affected by increase in the rate of the heart-beat and partly by

constriction of the arteries, while contraction of the abdominal wall is

also of service here.-' At 4 the animal was suddenly placed in the

vertical feet-up posture, and at once the carotid pressure rose. This

rise was not so great as the fall which occurred in the feet-down posture,

and a rule may be deduced that the lowering of a pole of the body does

not raise the arterial blood pressure in it so much as raising that pole

lowers it.

When placed horizontal at 5 the pressure fell below the normal line

for the same reasons that it rose above that line at 3.

Some dogs are not nearly so susceptible to the effects of gravity as

2 " Influence of Gravity on the Circulation." Hill and Barnard. Journal of Physiology, Vol. XXI.

.897.
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Others. Thus, Tracing IV. is from a dog under morphia and chloroform

just as in the previous experiment, and yet the change in pressure in

the different postures is very slight. I found that cats are especially

Vyi/|(rsyi/,r^f'
K

jirunru^nnruvvAnmv^j^arinnruvuuu^nnrir^

Tracing IV.—9/22.—Dog- under Morphia and Chloroform.

zontaL 3 Head downwards. 4 Horizontal.

I Verticallj' teet downwards, 2 Hori-

immune to the effects of change of posture; and Hill records Hhat

some animals, e.g:, certain species of monkeys, actually (7wr-compensate,

and thus have a higher carotid blood pressure in the feet-down than in

the normal posture.

Most animals compensate somewhat after a short time for the

vertical feet -down position. As one might expect, animals that

habitually or frequently assume the vertical posture are better able to

compensate against any fall in blood pressure in this posture than are

animals which do not naturally become vertical. Thus apes and domestic

fowls compensate well, while snakes and hutch rabbits compensate

badly.*

^^•"^VWh/*^
>V*'tVvn''^>'>^^'l.''*>1<

Tracing V.—9/19.— i Vertically feet downwards. 2 Compensation occurringr for vertical posture.

3 Horizontal again.

Tracing V. shows such compensation. At i the animal was placed

vertical, and at 2, though still in the vertical posture, the blood pressure

J
" The Cerebral Circulation," page 88.

4 Leonard Hill, "Further Observations on the Influence of Gravity on the Circulation," Supplement to

the Journal of Physiology, Vol. XXIII., Feb. 27th, 1S99.
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t3

is seen gradually to right itself. At

3, on the animal being placed hori-

zontal, the pressure went for a

moment above the normal line, the

compensation still continuing.

But if the vertical posture be

maintained for a long time this

compensation will fail, as shown by

Mr. Hill on certain animals', and as

often shown clinically when people

faint from long standing. The
swelling of horses' legs from long

standing is another familiar illustra-

tion of the same thing.

Tracing VI. shows compensation

for the feet-up posture. At 3 the

feet were raised and the pressure in

the carotid temporarily rose, but

although the animal was kept in this

position it soon fell to the normal

line, and when the animal was placed

horizontal at 4, the compensation

continuing for a while, the pressure

actually went below the normal.

i I

When the canula is placed in

the proximal end of another artery,

e.g:, the femoral, as in Tracing VII.,

the same phenomena are observed.

Then, of course, the vertical feet-up

posture causes a fall in pressure, and

the vertical feet-down a rise. This

tracing illustrates well again the rule

that the rise produced in the pres-

sure in the vessels of a pole of the

body by lowering that pole is not

so great as the fall produced by

raising it.

5 Loc. cit.
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Tracing VII.—9/26.—Canula in horizontal end of femoral artery, i Feet down. 2 Horizontal.

3 Feet up. 4 Horizontal.

The effects of posture are less marked in the distal end of a divided

artery than in the proximal. Tracing VIII. is taken from the distal end

of the femoral artery. In it the respiratory .waves appear, and the whole

pressure is considerably lower than in the proximal end of the same

Tracing VIII.—9/22. —Canula in distal end of femoral artery, i Horizontal. 2 Head downwards.

3 Horizontal.

artery. When the hind feet are lowered the pressure is scared}^ altered

(before tracing begins), but when they are raised the pressure slowly

falls somewhat. This isanother illustration of the rule above mentioned.

15 '4

/^•w^yxX'^'"^'^'"' vvv^

Tracing IX.— 1/5.—Canula in proximal end of splenic artery. 12 Vertically feet down. 13 Hori-

zontal. 14 Feet up. IS Horizontal.

Tracings taken from the proximal end of the splenic artery show a

marked fall in the feet-down position, and a slight fall in the feet-up.

Thus the pressure falls in both vertical postures, but especially in the

feet-down one. Tracing IX. is taken from the proximal end of the splenic

artery. At 12 the feet were lowered, and after a short hesitation the

pressure fell markedly. At 13 the animal was replaced in the horizontal
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position. At 14 it was swung into the vertical feet-up position, and a

slight fall occurred.

So much for the changes in pressure uninfluenced as far as possible

by anything except posture. I next proceed to the effects of certain

factors in increasing and decreasing the blood pressure, and its suscepti-

bility to gravity and inertia.

Abdominal Pressure.

Tracings X. and XI. show the effect of firm abdominal pressure in

raising the blood pressure while this is low from the animal being in the

vertical posture. In XI. the vertical position assumed at 18 produced a

slight fall, and abdominal pressure applied at 19 raised the tracing to

rnyrvyWi'VMWvwni

Tracing X.—3/10.—3 Vertical. Pressure continued to fall. 4 Abdominal pressure. 5 A pressure

removed. 6 Horizontal.

19 18

Tracing XI.— 1/2.— 18 Vertical. 19 Abdominal pressure. 20 Horizontal.

even above the normal line. In X. the pulse was hastened by the

abdominal pressure, in XI. it remained unaltered.

Abdominal pressure, however, in order to be effectual, must be of an

exceedingly firm nature, and probably pressure upon the aorta itself has

something to do with the result. It has been shown indeed that when
the aorta is compressed by itself a marked rise in the general blood

pressure occurs.*^ Far more abdominal pressure is necessary than would

be required merely to empty the abdominal veins—this being the usual

explanation of how the resulting rise in blood pressure is brought about.

6 J. A. McWilliams, British Medical Journal, Vol, H., 1890, p. 835.

[1,6]
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Hill and Barnard give a tracing^ showing the effect of abdominal

pressure. In it the pressure actually goes above the normal line, as it

also did in tracing XI. just given, and in order to get such a rise a large

amount of abdominal pressure must have been applied, and probably the

aorta was more or less completely obstructed by this. I tried the

tightening of an abdominal bandage as described by Mr. Leonard

Hill,^ but got almost negative results. Consequently I believe that

slight supporting of the abdominal walls by bandages can have little or

no effect upon the general blood pressure, and the comfort given by

such to a certain class of patients cannot be attributed to any

appreciable rise of blood pressure. One point, however, must be here

borne in mind, and that is that while in healthy animals the abdominal

wall is normal, in certain individuals it is abnormally flaccid.

46

Tracing XII.— r/3.—S^jinal cord previously divided at level of last dorsal vertebra. 44 Vertical.

45 Abdominal pressure. 46 Horizontal.

Tracing XII. shows the effect of abdominal pressure on a vertical

animal in which the blood pressure was standing almost at zero on

account of previous division of the spinal cord.

Tracing XIII.—9/20.—Canula in distal end of femoral arlery, i Abdominal pressure. 2 Pressure
removed.

Tracing XIII. shows the effect of abdominal pressure on the blood

pressure in the distal end of the femoral artery. The animal being

horizontal, as seen the pressure slowly fell, which goes to prove that, as

7 Tracing- 86, Journal of Physiolog-y, Vol. XXI., 1897.

8 "The Cerebral Circulation," p. 100.

["7]
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previously stated, the aorta must be compressed during firm abdominal

pressure.

\̂ ' -v-' V

\iM'o
Tracing XIV.—1/3.—Dog under Atropine. 7 Vertical. 8 Struggling, q Horizontal. Lower line

is respiratory tracing.

Tracing XIV. shows the effect of posture on an animal in which the

vagi had been paralysed by atropine. At 7 it was placed vertical, with

very little fall in pressure. The effects are practically the same as

when the vagi are intact.

Division of the Spinal Cord at various levels.

This always produces a great lessening in the compensation for the

feet-down position.

14 '3

m/
fi^m

w%,
,/-/'
J

mmm

Tracing XV. —3/10. —Spinal cord previously divided opposite 8th dorsal vertebra. 12 Vertical.

13 Horizontal. 14 Head down.

Tracing XV. illustrates this point. The cord had been divided

opposite the eighth dorsal vertebra, and the pressure in the horizontal

position fell somewhat. When the animal was placed in the vertical

feet-down posture at 12, the pressure fell rapidly and threatened to

become negative. The pulse did not hasten, in fact it became some-

what slower. The pressure rose about the ordinary amount in the feet-

up posture, as shown at 14.

[n8]
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Tracing XVI. shows the carotid blood pressure

occurring in a dog in which the spinal cord, had

been divided near the eleventh dorsal vertebra.

In this case the pulse increased greatly in rapidity

as the pressure fell on the animal being placed vertical

at 27. The animal was kept in the feet-down position

for some minutes without any appearance of compen-

sation occurring, and was placed horizontal again at

29. Now the vaso7motor fibres for the splanchnic

nerves leave the cord above the level of the eighth

dorsal nerve ; the section in this experiment took

place well below this, and thus the vessels of the

splanchnic area were not paralyzed by the operation,

yet a very marked fall occurred. This would point

to the fact that the vessels of the lower part of the

body are very largely concerned in the keeping up of

the normal blood pressure in the feet-down position,

because when they are paralyzed the pressure

markedly falls.

["9l
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If the distal end of the divided spinal cord be stimulated by the

Faradic current, the pressure in the carotid artery is decidedly raised, as

shown in Tracing XVII. Here the animal, in which the spinal cord had

been previously divided in the lower dorsal region, was placed feet-down

at 43, with the result that the pressure fell. At 44 the distal end of the

46 45

i^P^

Tracing XVII.— i/a.—Spinal cord previously divided in lower dorsal region. 4,^ Vertical. 44 Faradic

stimulation of distal end of cord. 45 Horizontal. 46 Distal end again stimulated—no effect.

divided cord was stimulated as mentioned, and a considerable rise in

pressure took place. At 45 the animal was replaced in the horizontal

position. This experiment again shows how dependent the general

blood pressure of the body is upon the vaso-motor tone of the vessels

in its lower part. When the animal was placed horizontal again,

38 37

oTryvwivvYrtvvvvyvv'vvvvrvYvvAwv'vm'VvWVVVVVY ^VVyy)Ymwmn»

Tracing XVIII.—8/22.—Spina! cord previously divided opposite last dorsal vertebra. Animal

horizontal. 37 Distal end of cord stnnulated by Faradic current. 38 Stimulus removed.

similar stimulation of the distal end produced no effect. Tracing XVIII.

shows only a slight rise on stimulation of the distal end of the cord

while the animal was horizontal. This is a result which one would

naturally expect.

The vaso-motor influence of the lower part of the body is supposed

to be very limited and chiefly confined to the skin.^ The experi-

ments just related, however, would suggest that the vascular tone of the

lower part of the body is of considerable importance in the regulation of

the general arterial blood pressure. Without doubt the splanchnic area

is the one chiefly concerned in the regulation of the blood pressure, but

it is here suggested that the tone of the lower limbs is of more import-

ance in this regard than is generally recognized.

9 Foster's Physiology, Part I.

[120]
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The Effect of Certain Drugs on the Blood Pressure.

Morphia.—Morphia was used hypodermically upon about forty-five

dogs. It was followed in every case by salivation, in the majority of

instances by vomiting and in a few by purging. The action of this drug

on dogs appears to be very much like that of apomorphine on man
in these respects. Morphia produced distinct slowing of the pulse,

and made the animal go under chloroform more easily and stay

unconscious longer, and this entirely coincides with what many clinicians

have observed.

Chloroform.—This anaesthetic was always administered on a towel,

and no attempt was made to measure the dose. In none of the dogs

did vomiting occur after the administration of chloroform had been

commenced even when they had had morphia previously, and I find no
mention of this complication occurring during the anaesthesia of these

animals in any literature.

In all of fifty-two dogs killed by chloroform the respiration distinctly

stopped before the heart. The period between the stoppage of the

respiration and the cessation of the heart's action varied from a few

seconds to several minutes. As a rule, the more concentrated the chloro-

form vapour was, the shorter this period became. In nearly all cases

the respiration stopped before the pulse tracing had disappeared, but on

several occasions, when it seemed as if the heart had ceased, auscultation

showed that it was still beating. After the respiration had stopped the

first sound of the heart would get weaker and weaker and at last cease,

while the second sound would remain loud and clear for some time and
then gradually also cease. The question as to whether the respiration

or the heart stops first in chloroform poisoning is one about which a

great deal of controversy has raged, and the point is not yet unani-

mously settled. The Hyderabad Commission held that the respiration

always stopped first, and that there was no such thing as chloroform

syncope.^** Cushny performed many careful experiments with different

dilutions of chloroform to see the effect on the heart. If the

vapour was very concentrated the heart was affected, but he says,
" Although I cannot agree with the Hyderabad Commission that the

heart always continues to beat after the respiration ceases, yet the

difficulty of maintaining the concentration necessary to paralyze the

heart simultaneously with the respiration is extremely great, and I

lo Lieut,-Col. Lawrie, Lancet, March 14th, 1891.

[121]
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should think in ordinary chloroform administration such a simultaneous

paralysis can nev^er occur." Lieut-Col. Lawrie stated in Appendix

No. 3 of the Report of the Hyderabad Commission^' that chloroform

has no direct action upon the heart, and this is quoted again in

a letter upon the Report of the Anaesthetic Commission in the

British Medical Journal of January 19th, 1901. I have no doubt,

however, but that chloroform does poison the heart muscle in the

same way as it must more or less poison every organ in the

body. As stated, in all of my fifty-two experiments in this

regard the respiration stopped before the heart. If the amount of

chloroform given be very great, however, artificial respiration, even if

immediately commenced, will not save the animal—showing that the

heart as well as the respiration is poisoned. Dr. H. C. Wood, in an

address delivered before the International Medical Congress in Berlin in

1890/^ says, " We definitely proved that in the dog chloroform has a

distinct direct paralyzing influence on both respiration and circulation
;

that the respiration may cease before the heart, or the two functions

may be simultaneously abolished ; but that in some cases the heart is

arrested before the respiration. We have several times seen the respira-

tion continue as long as one or even two minutes after the blood

pressure had fallen to zero, and the blood had completely disappeared

from the carotid artery." This might well be and yet the heart might

have been found to be still beating if auscultation had been practised.

In trying to explain the results of the Hyderabad Commission he says

further on, " It may be that the heat or other climatic conditions sur-

rounding the pariah dog make his heart less sensitive to the action of

chloroform than the hearts of dogs in northern climates." Harris^* in

testing an apparatus for producing painless death of lower animals by

chloroform, which had been taken out from England to India, found

that it would not work, the reason being that the high temperature pre-

vented the concentration of the chloroform vapour. By placing ice in

the chambers animals were readily killed. I can quite understand this^

and have frequently noticed during the Indian hot weather that it was

more difficult than usual to get patients " under," especially if a punkah

were swinging near by. On the other hand it is hard to explain the

following statement, " It is stated that iced chloroform has been used in

14,000 cases in Wiirzburg, Bavaria, without any ill results. Rapidity of

administration, comparative freedom from danger and absence of nausea

11 Lancet, March 14th, 1891.

12 Lancet, January, 1893.

13 British Medical Journal, August i6th, 1890.

14 Indian Medical Record, May 19th, 1899,
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are the advantages claimed for this preparation. "^'^ My experiments

were done through the several Canadian seasons upon many varieties of

dogs, and yet I never found the heart stop before the respiration,

although, as stated, on several occasions the pulse tracing did so. Dr.

B. W. Richardson in my opinion stated the case aright when he wrote

that " death in man during chloroform anaesthesia is not generally due

to respiratory failure, but that in animals the physiological death from

chloroform is a respiratory failure."^'' He says that Snow also thought so.

In my experiments the animals were killed with chloroform in the

horizontal and vertical postures, after poisoning with various drugs,

cutting of one or both vagi nerves, division of the spinal cord at various

levels, opening of the abdomen, bleeding, etc., and yet, as stated, the

respiration always stopped before the heart.

Post mortem examinations were made on most of the animals

so killed, but the condition of the heart and great vessels then

does not seem to be any indication of what it was just after

death, as artificial respiration, abdominal pressure and other restora-

tives were all tried, and these must have altered the conditions

of things. Such remarks may also apply to the results of post

mortems on persons' who have so died. With this proviso, one may
say that the right side of the heart was always engorged with blood, and

that the left was generally more or less empty, but occasionally also was

full. In one case after death from chloroform, followed by artificial

respiration, the animal's body was frozen, and transverse sections of the

chest made. Here the right side of the heart was found to be engorged

and the left was partially filled with blood. ^'

The most dangerous time for a dog is while he is going under first.

Then, if he be struggling, the danger is great. In most cases, as already

stated, when the breathing had stopped under these circumstances,

artificial respiration would restore it and save life, but occasionally it

failed to do so.

When chloroform is given slowly and sufficiently diluted then

the animal goes under completely without necessarily much, if any,

fall in blood pressure. This is in agreement with Shore and Gaskell's

results.'* The least struggle, however, even if only of the nature of

increased respiration, temporarily sends up the blood pressure more or

15 Philadelphi.-i Medical Journal, 1900, Vol. II., p. 1,113.

16 Asclepiad, 1890.

17 " Death from Chloroform," by the author, Canadian Practitioner and Review, Feb., iS

18 British Medical Journal, i8gi, Vol. II., p. io8q.
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less, and as surely lowers it immediately afterwards. This after lowering

may be partly of the nature of compensation, but it is most probably

due, in part at least, to the struggling causing a greater inhalation of

the drug, and hence poisoning by it.98765 4 3

^^^''^ ^r.r^;,:^^-

Tracing XIX.—9/31.—Chloroform poisoning. Animal Horizontal. 3 Chloroform pushed. 4

Struggling, s Pressure falling and pulse slowing. 6 Chloroform removed. 7 Respiration ceased.

8 Pulse very slow. 9 Artificial respirations.

Tracing XIX. shows a very typical tracing of chloroform poisoning.

The animal was horizontal when the chloroform was pushed at 3. He
had not had any morphia. A slight temporary fall, with slowing of the

pulse occurred, which is very frequently the case, followed by struggling

at 4, with a consequent rise and hastening of the pulse. Then about

forty seconds after the commencement of the chloroform, a rapid fall

with slowing of the pulse, set in. The chloroform was removed at 6, but

several seconds later, the respiration ceased, and the pressure fell more,

with great slowing of the pulse. Artificial respiration was commenced

twenty seconds after the respiration failed, and the animal recovered.

Even though the chloroform towel be removed as soon as ever the

struggling sets in, the temporary rise followed by a fall occurs, sufficient

chloroform vapour being present in the air passages to produce this

train of events. Conclusion 19 of the Anaesthetic Committee of the

British Medical Association is that " struggling must be regarded as a

source of very grave danger under chloroform," and Lieut.-Col. Lawrie's

rule, as given in his recent book on chloroform (p. 1 1 1) is " never to give

chloroform while there is struggling or irregular breathing." With this

clinical rule my experiments on dogs entirely agree.

A 1 2 I s

,Vv«-^,nV^V^/Arwv'WhviA"

m//^y\,^

Tracing XX.—3/11.—Chloroform poisoning. S Struggling, i Chloroform pushed. 2 Pressure

began to fall quickly. 3 Chloroform removed as pulse slowing. 4 Respiration stopped.
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In Tracing XX. another illustration of the same thing occurs. At S,

the animal, which was not at all under the influence of an anaesthetic,

began to struggle violently, and the result was a rise in pressure, with

quickening of the pulse. At i chloroform was started and pushed.

Tlie pressure began to fall quickly at 2 with great hastening of the

pulse. At 3 chloroform was stopped, as the slowing of the pulse

heralded threatened respiratory failure, but at 4 the respiration did

cease, with the usual great slowing of pulse and fall of blood pressure.

The animal eventually recovered under artificial respiration. This

extreme and sudden fall of the blood pressure occurring synchronously

with the stoppage of the respiration was noted by the first Hyderabad

Commission, who stated the case as follows. " Although a gradual loss

of tension in the arteries took place after the first stage, the decrease of

tension was more abrupt when the respiration became affected. The
stoppage of the respiration was always succeeded by a sudden increase

in the relaxation of the coats of the femoral artery and a fall in tension."

It is difficult, however, to understand how they could have concluded

that " It was further observed that struggling demanded that the

chloroform be pushed and not withheld." No advice could well have

been more dangerous than this, and fortunately the second Hyderabad

Commission put it right. The chart just given shows that struggling

raises the pressure, and that if chloroform be commenced during the

struggling, then the pressure falls almost at once, in fact, it seems from

what we have observed that the preliminary rise in blood pressure in

chloroform anaesthesia is not due to any vaso-motor stimulation, but

rather to the almost constant slight struggling—it may be only increased

breathing—which occurs then. McWilliam'" found that " with moderate

respiration the results of a certain dose of chloroform were very slight,

whereas the same dose during exaggerated respiration caused great

depression and extensive fall of blood pressure."

While all admit that a considerable dose of chloroform produces a

great fall in blood pressure, it is not settled how it does so. Many
believe that it is due to the paralyzing action of the drug on the vaso-

motor centre,-" while on the other hand. Shore and Gaskell's cross

circulation experiments seem to prove that it is due to the direct action

of chloroform on the heart. These cross circulation experiments,

however, involve a very difficult technique, and when repeated by others

have not always given the same results.-'^

ig Bntish Medical Journal, Oct. 1890.

20 Journal of Physiologry, Vol. XXI., Nos. 4 and 5, 1897.

21 " Cross Circulation Experiments," Lieut.-Col. Lawrie, Lancet, i8<)8, Vo'. II, p. 24.
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There can be no doubt but that chloroform

can weaken and even paralyze the heart, and that

c chloroform can weaken and even paralyze the

2 vaso-motor centre, but the question at issue is,

I which of these two actions is it that occurs first.

^ In my opinion it would be exceedingly unlikely

I
if either one should occur alone, and the proba-

j: bilities are that the fall in pressure is due to both

J factors occurring in different degrees in different

f-^
animals. In one case the vaso-motor centre might

g prove the more susceptible to the poison, while in

c another the heart might first show its effects. In

= both cases a fall in pressure would occur.

The importance of the fall is very differently

gauged by different observers. As already stated,

all have noticed it. The Hyderabad Commission

actually considered it a safeguard, arguing that

where the pressure was low less chloroform would

be carried to the centres, and therefore these were

not so likely to be poisoned ; and McWilliam

argued in the same manner." On the other hand

Hill thinks that this fall in pressure, due in his

opinion to paralj'sis of the vaso-motor centre by

chloroform, is actually the cause of death in such

cases, and he believes that the respiratory failure

which occurs so constantly in dogs poisoned by

chloroform is due to the anaemia of the respira-

tory centre resulting from a fall in pressure. With-

out venturing to express an 'opinion on so im-

portant a point one may say that a mere fall of

blood pressure with assumed anaemia of the re-

spiratory centre does not soon cause stoppage of

the respiration but rather stimulates it, as shown

in Tracing XXL, where the animal was bled to

death and the respiration continued even after

the blood had ceased to flow from the severed

vessel. Woods and Carter-^ have shown that even

great anaemia of the brain produced by tying

22 British Medical Journal, 1890, Vol. II. p.834.

23 Journal of Experimental Medicine, Vol. II, p. ijq.
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both carotids and both vertebral arteries produces little if any change
as a rule in the respiration. From this fact they were led to the con-

clusion that, " The respiratory centres are remarkably insensitive to a

lowering of their blood supply." Further, I have frequently observed

that the respiration stopped while the pressure was still comparatively

high, and only after the cessation of the breathing did the pressure

somewhat suddenly fall to zero. Tracing XX. illustrates this point.

One might say in fact that the pressure only falls very low after the

respiration fails and that probably the stoppage of the respiration due
to poisoning of the respiratory centre is the cause of this sudden extra

fall in the already slowly falling pressure. It seems that as the factors

which maintain the blood pressure become weakened by chloroform the

respiratory pump becomes more necessary to the upkeep of this pres-

sure than it usually is, and hence when it stops the pressure drops at

once. Possibly, however, an an£emic respiratory centre is more sus-

ceptible to the toxic effects of chloroform than one not so anaemic,

and this special susceptibility Hill believes he has noticed along with

others.-^

When the blood pressure falls greatly from chloroform and
remains low, life must be endangered, but in my experience animals

do not die more easily from chloroform administered in the vertical

than in the horizontal position, and it is decidedly harder to kill

a dog with chloroform when the pressure is very low from
hemorrhage than when this is not the case. The second Hyderabad
Commission noted this point thus, " In Experiment III, the splanchnics

were divided, a proceeding which, as is often said, bleeds the animal
into its own vessels. The pressure was after this exceedingly low,

but chloroform was given and various other actions taken, and then
chloroform had to be pushed on a saturated sponge enclosed in a cap for

eleven minutes before the respiration ceased."-^ Again McWilliam
writes as follows,'-'* "The fall of blood pressure is in a certain sense

protective. It retards the continued access of the anaesthetic into the

vital organs. I have frequently been struck with the good resisting

power shown to the influence of both chloroform and ether in animals
in which a very low pressure was present due to other causes than

anaesthetics, e.g., vaso-motor paralysis." He rightly adds that, " On the

other hand the fall of blood pressure may become excessive and prove a

source of great danger." If then it is harder to kill a dog by chloroform

24 •'Causation of Chloroform Syncope," by L. Hill, British Medical Journal, April 17th. 1897.

25 Second Hyderabad Commission Report.

26 Rritish Medical Journal. October, 1890.
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when the pressure is low than when it is not so, why should it be that

all anaesthetists are agreed upon the danger of giving anaesthetics when

the patient is sitting up ? The answer I believe lies in the fact that most

deaths which occur in practice in the administration of chloroform are

not cases of poisoning from the drug but are due to syncope i-esulting

eitherfrom the pain of an operation commenced too soo?i or from fear. A
close perusal of the Clinical Report of the Lancet leads one to the same

conclusion. Very many of the deaths which have occurred during the

administration of chloroform were not cases of poisoning at all, as the

dose was too small. The following cases summarized from this report

are probably examples of these.

Series A, Case 3.—Fistula in ano, dose ^ dram on towel, anaes-

thesia incomplete, felt pain ; in one rhinute pulse failed.

Case 28.—Extraction of tooth, sitting posture, 25 drops on sponge,

only 4 or 5 respirations, operation not begun, on being asked a question

answered in thick and trembling voice and stretched out her arms, face

became bluish, eyes haggard, head and arms fell, she was dead.

Case "i-—For delirium tremens following a fracture, Yi dram on lint,

after 2 or 3 inspirations the man writhed and fell back dead, not under

influence.

Series B, Case 56.—For removal of finger, 30 drops on lint, syncope.

Case 105.—Castration, 15 to 20 drops on lint, pulse ceased.

Case 285.—Reduction of dislocation, % dram, pupils dilated and

heart's action failed.

Case 426.—Dressing sprain of ankle, a iew drops, syncope.

Simpson well remarked in this connection"" that, " All the patients

that die under the hand of the operator when chloroform is used

do not necessarily die from the effects of the chloroform upon the

constitution. In several of the recorded cases the dose given was too

small to have had any such fatal effect. Before the time that

anaesthetics came to be used deaths on the operating table often

occurred. Such cases have been recorded by Brodie, Cooper, Home,
Travers, etc., etc., but they excited no marked share of professional

27 Works of Sir J. Y. Simpson, p. 148.
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attention, as they were generally supposed to be accidents against which

no action could be of any use. Of late years and since chloroform has

been employed they have usually been directly and at once ascribed to

the deleterious action of chloroform." He then gives details of a num-

ber of cases of fatal syncope immediately before or during operations in

which chloroform had not been used. Here is one example, " A few

days after the discovery of chloroform, a case of hernia which had been

strangulated for a few hours was brought into the Infirmary, and Pro-

fessor Miller thought it a case demanding operative interference and one

in which chloroform should be tried ; but I could not be found in time

to give it, and the patient was operated on without an anaesthetic. Pro-

fessor Miller had only proceeded the length of dividing the skin when

the patient fainted and died with the operation unfinished. If the

chloroform had happened to be used and this fatal syncope had

occurred while the patient was under its action the whole career of the

new anaesthetic would have been at once arrested. Such cases teach

us at least that caution is required in our reasoning and inferences,

seeing death may occur and has occurred in operations without chloro-

form, and with phenomena quite similar to those ascribed to the action

of chloroform." The distinction between deaths from chloroform and

deaths simply occurring during the administration of chloroform is even

more important to-day than it was in Simpson's time. Nowadays so

many patients have a dread of chloroform that one would expect cases

of syncope to occur occasionally when patients are going under the

anesthetic and are still conscious and afraid. Ballard'* discusses this

point well and argues that children and dogs are less apt to be afraid,

and hence are less likely to suffer from syncope; and the British

Medical Journal in an annotation suggests'^ that the reason why

parturient women are less apt to suffer from chloroform is that they do

not dread it. Snow^" mentioned several cases in which, although chloro-

form was administered, death was attributed by him to fright. In all

only a sm.all quantity of chloroform had been given and that freely

diluted, and in every case great fear and apprehension were noted

before the administration. The fact that many deaths which occur

during the use of chloroform are not due to the use of the anaesthetic,

is further brought out by the recent Report of the Anaesthetic Com-

mittee of the British Medical Association. Out of eighteen cases of

death " under chloroform " they found that only three were due

entirely to the drug, four were chiefly due to it, and the remaining

28 Lancet, 1898, Vol. I, p. 1,253.

29 British Medical Journal, 1900, Vol., p. 33.

30 Treatise on Anaesthetics, 1858.
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eleven—more than 50 per cent—were doubtful. Their 17th Conclusion

is that, " Imperfect anaesthesia is the cause of a large number of cases

of danger under chloroform."

We have seen that workers differ greatly as to the danger of great

falls in blood pressure due to chloroform administration. It seems

clear, however, that such falls are at any rate indications that the patient

is very deeply under, and if only one could clinically recognize such a

fall with ease it would be a valuable danger signal. Duplay and

Hallion^^ hope before long to describe a method of ascertaining the

blood pressure during surgical operations under anaesthetics ; and if

they or any one else should succeed, a valuable result will have been

attained.

Occasionally during the administration of chloroform, sudden falls of

blood pressure may occur, along with marked slowing of the pulse,

evidently of the nature of vagus inhibition of the heart. Such falls were

noted by the Glasgow Commission, and were considered to be a cause of

sudden death under chloroform.^^ The members of this Commission, in

discussing the points of agreement between them and the Hyderabad

Commission, say that " Both observed peculiarly sudden and unexpected

falls of pressure and slowing of the heart. The Commissions differed as

to the origin of these. The Hyderabad Commission attribute it to

asphyxia ; the Glasgow Commission say not asphyxia, whatever may
be the cause."^^ These falls closely resemble those which we gave early

in this work as occurring occasionally in dogs apparently without

cause ; no chloroform being administered at the time. When
they occur during the administration of chloroform the Hyderabad

Commission, as stated, consider them to be asphyxial and of no danger,

in fact, the opposite, as tending to prevent the further absorption of the

poison. Lieut.-Col. Lawrie''* dogmatically states that, " The special

effects which the Glasgow Commission attributed to chloroform were

produced by accidental asphyxia . . . the slowing of the pulse and

circulation through stimulation of the vagus is a safeguard in chloroform

poisoning."

Tracing XXII. shows such a fall. Chloroform was started at 7, the

dog being already slightly under. He struggled a little. The sudden

fall occurred ten seconds later. The chloroform was not removed, and

31 Archives G^n^rales de M^decine, Aug. 1900.

32 Journal ot Anatomy and Physiology, Vol. XIII., p. 395.

33
" Remarks on the 2nd Hyderabad Commission," by Drs. McKendrick, Coats and Newman, British

Medical Journal, June 14th, 1900.

34 Lancet, June 21st, 1900.
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yet twenty seconds later the fall had been partly recovered from and the

pulse had resumed its former rate. A strong resemblance will be seen

between this tracing and one produced by stimulation either of the

9 8 7

Tracing XXII.-9/23.-N0 Morphia. 7 Chloroform pushed, dog being horizontal. 8 Sudden fall in

pressure with slowing of pulse. Chloroform continued and yet pressure normal agam at 9.

distal or the proximal end of the vagus, as shown in Tracing XXIII., and

it seems that all kre agreed that such falls are of the nature of vagus

inhibition. Whether the vagus centres are directly stimulated by the

chloroform, or are more or less reflexly affected through afferent nerves,

or whether the stimulation is of the nature of asphyxia, it is hard to say.

From the fact that the fall disappears even if the chloroform be

continued, I should be inclined to agree with the Hyderabad Commission

13a 13

|J^ lHM/1

Tracing XXIII.—3/1 1 Dog horizontal. Left vagus previously divided. 12 Distal end ot cut vagus

stimulated by Faradic current. 13 Proximal end stimulated.

that such is not a source of danger ; and as regards the nature of the

vagus inhibition, from the same fact, I should consider that it is caused

by strong vapour irritating the sensory branches of the vagus, and as

the sensory nerves become numbed the reflex disappears. It is not a

constant phenomenon, however, even when very concentrated vapour is

used. Another case from similar stimulation might show reflex

laryngeal spasm. The fact that these occasional, probably safe, falls in

pressure do occur in dogs is not sufficient ground in my opinion for
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changing the view that usually a markedly slow pulse is an urgent

indication for the immediate removal of the anaesthetic.

As a rule, unless an animal has just been struggling violently, the

pulse becomes considerably slowed when he is going under chloroform

and becomes fast when he is coming out. The exception mentioned is

struggling, and this, as has been already shown, may so hasten the pulse

that it only slows when, or just before, the respiration stops. The cause

of this slowing is doubtful, some attributing it to stimulation of the

vagus by the chloroform vapour, some to the direct poisoning of the

heart muscle, and others again to asphyxia. Whatever the cause of

this gradual slowing may be, it is a valuable sign clinically. The fall of

pressure is evidently not due alone to it, as shown by the fact that such

falls occur when the vagi are divided, when atropine is given {vide

Tracing XLVII.), or while the pulse is still fast after struggling {vide

Tracing XX.). Nevertheless the fall in pressure and the slowing of the

pulse as a rule go hand in hand in deep chloroform narcosis.

As regards the effect of posture during chloroform narcosis, generally

speaking the animal is rendered less resistant to the effects of gravity

than is one not so poisoned, and hence the vertical feet-down position

produces a greater fall than it would otherwise do. If the animal be

first placed feet-down and then chloroform be pushed, as might be

inferred, the pressure falls more freely than when the drug is given in

the horizontal position. This is in accordance with Hill's observations,

when he considers chloroform to be the most powerful agent known
for abolishing the mechanisms which compensate for the influence of

gravity.^^

The effects of various operations on the blood pressure while the

animal was under chloroform were tried, and as a rule they were

chiefly negative.

MmWfiti'M^

Tracing XXIV.—3/8.—Dog- under Chloroform and horizontal. 10 Abdomen opened freely. 11

Splenic artery tied.

Tracing XXIV. is taken from a dog completely anaesthetized with

chloroform and lying horizontal. At lo the abdomen was freely opened

3S Journal of Physiology, Vol. XXI, Nos. 4 and s, 18^7.

[132]



Rudolf : Observations on Blood Pressure 27

and the splenic artery was tied at 1 1, and yet

no fall in pressure occurred. A slight rise in

fact occurred at 11, which might have been

due to the tying of the artery. Thus no sign

of shock appeared, and this is in accordance

with the results obtained by the Hyderabad

Commission, who were unable to produce

shock in dogs under chloroform by any

operation they tried.

Complications Arising During the

Administration of Chloroform.

Various complications may occur at any

time during the administration of chloroform,

which produce more or less effect on the

blood pressure and are as well often danger-

ous. Vomiting never seems to take place in

dogs under chloroform, as already noted.

The effects of struggling have been already

discussed.

The inhalation of fluid when occurring

during anaesthesia is sometimes a source of

great danger. Tracing XXV. is taken from a

dog under chloroform. When this tracing

begins he is already in the feet-down

position. At 9 200 cc. of an aqueous solu-

tion (of chloretone) were poured down his

throat. He swallowed distinctly several

times, but did not seem to breathe again.

The pressure after a slight transitory rise

fell rapidly, but the pulse remained fast.

At 10 he was placed horizontal, and some

rise of pressure occurred. Artificial respira-

tion was tried, but did not seem to work

well—no sign of life appeared and he was

evidently dead. On opening the thorax the

right side of the heart was found to be

enormously distended with blood, as were

also the veins entering it. The left side

was nearly empty. The lungs contained

[>33l
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frothy blood, and evidently the animal had died of drowning. This

chart shows that in acute asphyxia, as stated by the Hyderabad

Commission, the pressure may fall rapidly. The pulse, however, did not

slow as the Commission found it to do, and the chart bears no

resemblance to one in which death occurs from chloroform poisoning

(unless indeed the animal be already under atropine.)

In Tracing XXVI. a dog under chloroform had already had some

solution (of chloretone) poured into the stomach by means of a tube.

While still vertical the remains of the solution, about i oz., were poured

into the fauces, the tube having been removed. At once at 7 the

,n/^mm

Tracing XXVI.—3/8. - Dog under Chloroform and vertical. 7 An ounce of fluid poured into fauces-

gasped. 8 Some of solution inhaled, q Horizontal. Animal recovered.

pressure fell, then rose for a few seconds, and then began to fall steadily

with slight hastening of the pulse. The animal was placed horizontal

and began to breathe again, and finally recovered. This chart shows

the danger of even small quantities of fluid accumulating in the fauces

while the laryngeal reflex is done away with by an anaesthetic. Even

tracheotomy might not save the patient, as the fluid is quickly drawn

into the lungs themselves, as shown by the post mortem examination of

the dog from which Tracing XXV. was taken.

These charts agree then with Lieut.-Col. Lawrie's contention that in

asphyxia the pressure falls. The fall is only marked in obstructive

asphyxia, however. When asphyxia is brought about by free opening

of the pleural cavities producing pneumo-thorax, so that although the

animal is breathing hard no new air enters the collapsed lungs, then

after many violent acts of inspiration the respiration ceases and then

only the pressure falls and the pulse becomes markedly slowed. Kcnow
and Shenbeck^® showed that in animals whose respiration was paralyzed

by curara asphyxia produced a rise in pressure, then a gradual fall, then

a strong increase and finally a fall to death.

36 "On Blood Pressure in Asphyxia," Skandin. Arch. f. Physiologie, I, 603-641. Tap. 5, 6.
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Tracing XXVII. In this animal double pneumo-thorax had been
produced in the manner described with very free openings through the

parietes. The whole tracing is too long to reproduce here, but the

tf

Tracing XXVII.—3/1 i.—Double pneumothorax previously produced with very free openings through
pAirietes. Pressure well maintained until respiration stopped at 22. Pressure then fell with slow pulse-
asphyxia.

pressure was well maintained until respiration stopped at 22. Then it

fell and the pulse became very slow and ceased a couple of minutes
later.

A momentary rise will be noticed at 22 just after the respiration

ceased.

In Tracing XXVIII. on the other hand in which both pleurae had
been freely opened, a marked respiratory wave appeared with some rise

in pressure when the trachea was clamped at 22. At 23 the attempts at

Tracing XXVIII.—3/1 1. -Double pneumothorax previously produced. 22 Trachea clamped. 23
Efforts at breathing ceased and then arterial pressure fell.

respiration stopped, and then the pressure fell slowly with marked
slowing of the pulse. About three minutes later the pulse became fast

and the pressure rose a few mms., giving a good example of delirium
cordis.

Thus it may be seen that very different tracings are got in

different conditions of asphyxia, and that no one description will suffice

for every form. This probably is the reason why Lieut.-Col. Lawrie and
his critics got so far apart in their statements, some asserting that
the pressure fell in asphyxia, and others that it rose, e.o-., Potter
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wrote:'^ "We have in asphyxia increased blood pressure with lividity;

in fatal chloroform narcosis we have just the opposite, viz., diminished

blood pressure with pallor." They were both right probably, for, as

shown, the question of whether the pressure rises or falls in asphyxia

entirely depends on how the asphyxia is produced. It seems that as

long as efforts at respiration are made as in XXVI II. the pressure is

maintained but as soon as such efforts cease then the pressure falls.

In chloroform poisoning the respiratory centre is paralyzed and there

are no efforts at respiration and therefore the pressure may at once fall.

Tracing XXIX.—9/31.—Animal inhaling strong chloroform vapour. Inspiratory stridor.

Inspiratory Stridor.—Tracing XXIX. shows the effect upon the blood

pressure of inspiratory stridor produced by the inhalation of strong

chloroform vapour, A fall occurred during each inspiration.

In Tracing XXX. the left vagus had been already cut. At lo the

right vagus was being handled, which produced some fall of pressure.

At 1 1 this nerve was divided and immediately the pulse increased in

rate, the pressure rose and the respiratory curve became more marked.

Each dip in the tracing was accompanied by an inspiratory stridor,

Y^
Tracing XXX.—9/31.— Left vagus already divided. 11 Right vagus cut. 12 Inspiratory stridor set

in evidently of a paralytic nature.

evidently caused by the flapping together of the vocal cords, the muscles

of which had been paralyzed by division of the vagi. This result, how-

ever, is not a constant one on division of the vagi. Thus, either spasm

of the laryngeal muscles as shown in Tracing XXIX., or paralysis, as

shown in Tracing XLI. may produce inspiratory stridor, and this stridor

is shown to have a marked effect on the pressure. The stridor due to

spasm disappears as the animal becomes more deeply anaesthetized
;

that due to paralysis does not so go avv'ay.

37 The Lancet, Vol. I, 1890.
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A rigid condition of the body may occur while the animal is

deeply under chloroform and may disappear as he comes out. Tracing

XXXI. is taken from a case of this kind. The animal was completely

anaesthetized and still taking chloroform at 6, but the jaws were rigidly

closed. At 7 he was still very rigid and the jaws could not be forced

apart. Chloroform was stopped at 8, and soon the spasm lessened and

the jaws relaxed, and without giving any more chloroform a stomach

Tracing XXXI.- 1/4.—Animal completely under Chloroform. 7 Rigid condition of body. 8

Chloroform stopped and rigidity soon ceased.

tube was passed with ease. I have seen this rigidity occur clinically

occasionally under ether to a marked degree, and to a less extent under

chloroform. Mackness'^ mentions a case where " suddenly clonic spasms

of the face and limbs came on " under chloroform where the patient

recovered ; while Dickson^-' gives an instance where such ended fatally.

Fourteen cases are mentioned by the Anesthetic Committee of the

British Medical Association in which fits or epileptic convulsions were

noticed.*"

Methods of Resuscitation in Chloroform Poisoning.

Of all methods tried artificial respiration was found to be by far the

most certain method of restoring animals in which the respiration had

stopped as a result of chloroform poisoning. In the majority of cases it

was successful, though occasionally, even when started as soon as the

natural respiration had ceased, it failed to save life. In these latter

cases probably the heart and vaso-motor centre were paralyzed almost

synchronously with the respiration. The method followed was

rhythmical compression of the chest, and the effect on the blood pressure

consists in a rise during each expiration. In using the method the air

passages must be kept free by keeping the tongue firmly pulled out and

if necessary introducing the tip of the index finger into the rima

glottidis, by which means the vocal cords are kept apart. The Lancet

Clinical Report mentions a case " where mechanical stimulation of the

larynx by pressing the finger down to the rima glottidis was said to

38 British Medical Journal, Dec. 7th, 1895.

39 British Medical Journal, Oct. 19th, 1895.

40 Report of the Anesthetic Committee, British Medical Journal, Feb. 23rd, 1891
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have been successful in restoring life," and apart from this probable

reflex action, the pressure of the finger assures the operator that the

cords are swung apart.

One soon learns to tell whether artificial respiration will be success-

ful or not in a given case by the "feeling" of the chest. If this feel

elastic, and it be easy to make the air pass in and out, all is well ; but

if this be not the case, even although the air passages be free, it is bad.

Why this should be I am not quite certain, but certainly artificial

respiration on a dead dog will not produce the amount of respiratory

tide in such that it will do in a living animal. It must be remembered

that when one compresses the chest the air is not thus du'ectly pressed

out, but the compression lessens the cubic capacity of the thorax and

then the elasticity of the lungs drives the air out. If this elasticity be

lessened then compression of the chest will not so readily cause the air

to pass out. This is observed in cases of emphysema, where the

elasticity of the lungs is more or less lost" and expiration in con-

sequence becomes difficult.

As the animal recovers under the influence of artificial respiration it

becomes progressively easier to make a good flow of air in and out of

the chest, until at last this occurs spontaneously, and when once this

stage has been reached I have not seen the respiration fail again. The
Hyderabad Commission, however, report such cases.

Tracing XXXII.—q/40-Dog poisoned with Chloroform. 4 Respiration ceased but heart could be

heard on auscultation. 5 Artificial respiration. 6 Pulse appeared and pressure rose. 7 Artificial

respiration stopped at 6 and pulse here failed and pressure fell again. 8 Artificial respiration again. .9

Pulse started again and soon after natural respiration commenced and animal recovered.

Tracing XXXII. illustrates the beneficial efl"ect of artificial respira-

tion on the pulse and blood pressure. At 4 the animal was very deeply

poisoned with chloroform, the pressure was almost zero, and the respira-

tion had stopped, and the pulse was absent from the chart though the

heart could be heard to be beating. The chloroform had been removed-

At 5 artificial respiration was started, and the waves produced by it are

visible on the tracing. At 6 the pressure suddenly rose, and with it the

pulse appeared. At 7 artificial respiration was stopped, and at once the

pressure fell again and the pulse disappeared. At 8 artificial respiration

was resumed, and at 9 the pressure rose again and the pulse reappeared.

41 Diseases of the Lungs. Sir Douglas Powell.
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Artificial respiration was stopped and the pressure fell slightly, but

natural respiration soon set in, and after that the animal gradually

recovered, the pulse as usual becoming very fast during recovery.

This tracing shows then the good effect of artificial respiration

on the heart. The method might almost as properly be called

" artificial circulation " as " artificial respiration ;

" which name would

constantly remind one that he was directly acting on the heart while

performing the movements of the method.

The effect of tracheotomy on the blood pressure is interesting.

Besides being useful in cases where some obstruction in the air passages

exists above the level of the wound thus made, the operation appears to

17

Tracing XXXIII.—q/31.

—

Dog poisoned by Chloroform. Respiration stops. Artifici.-il respiration

tried without avail. 17 Trachea opened and respiration commenced at once and remained,

stimulate the respiration reflexly. In Tracing XXXIII. the respira-

tion had ceased as a result of chloroform poisoning, while the pulse

continued. Artificial respiration had been performed, but no attempt

at natural respiration appeared. The tongue had been drawn out

forcibly and repeatedly (Laborde's method), and the air passages were

clear. Tracheotomy was performed at 17, and at once the animal com-
menced to breathe and soon recovered.

Tracing XXXIV. shows the same phenomena even better. Natural

respiration had stopped here for several minutes. The puncturing of

the trachea at 27 at once was succeeded by a gasp and rise in blood

Tracing XXXIV.—9/28.—Dog poisoned with Chloroform. Natural respiration stops for ten minutes ;

Artificial respiration being continued, 27 Trachea opened and artificial respiration continued as

before, 28 Natural respiration occurred and animal recovered.

pressure as shown in the tracing, and the animal recovered. The air

passages were clear. The effect on the respiration here is evidently of

the nature of reflex stimulation. The same thing is seen often when

the surgeon is performing tracheotomy for any condition. As the

trachea is punctured a violent gasp occurs. In desperate cases oi
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chloroform poisoning it might be justifiable to thus operate in the hope

of producing this reflex effect.

Forcible Pulling Forward of the Tongue seems, as has long been

noted clinically, to stimulate respiration, and in several of the dogs it

seemed to be the last straw starting respiration. Professor Syme in a

clinical lecture delivered in 1884*- said, " Attention to the tongue is

another point we found of great consequence. When respiration

becomes difficult or ceases we open the mouth, seize the tip of the

tongue and pull it well forward, and there can be little doubt that death

would have occurred in some cases if it had not been for the use of this

expedient." It has been recently demonstrated that pulling on the

tongue does not open the glottis, and it would seem more probable that

it reflexly stimulates the respiration. The chloroformist who has been

trained in Edinburgh always has a pair of fenestrated artery-forceps

handy for this purpose.

The preceding notes and tracings emphasize the following points as

regards the effects of chloroform.

First, that any struggling during its administration greatly hastens

the toxic effects, and that hence the drug should be removed while such

lasts, and then should be given more gradually when the patient is

quiet again. One frequently sees clinically the chloroform pushed at

such a juncture, especially if the struggling has been started by the

surgeon commencing the operation ; but struggling without any such

cause generally indicates that the vapour is too concentrated, and

struggling due to this is doubly dangerous.

Second, d, fall in blood pressure is hard to detect accurately clinically,

but it is usually accompanied by slowing of the pulse, and such is a

danger signal, and the chloroform should be at once removed. This

slowing may occasionally be of a transient nature and due to stimulation

of the vagi by concentrated vapour ; or it may be the more serious

slowing in the wake of which lies respiratory failure.

Third, if respiratory failure should occur—and it is much more likely

to do so during the preliminary administration than later on—then

artificial respiration is by far the most valuable method of restoring it.

Artificial respiration not only keeps up the respiratory tide but also, as

shown in Tracing XLV., directly stimulates the circulation and raises

the blood pressure, in fact the circulation may be feebly carried on for a

42 Lancet, June 21st, 1885.
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short time by respiration alone. Thus, whether one believe that chloro-

form kills by respiratory paralysis or by heart failure, or by vaso-motor

paralysis, artificial respiration should be resorted to at once, and should

rank, in my opinion, above all other remedies which may afterwards or

along with it be attempted.

Fourth, forcible pulling out of the tongue, the placing of the finger

in the rima glottidis, and the performance of tracheotomy all seem to

stimulate respiration.

Fifth, the horizontal position is advisable when chloroform is being

administered, not because respiratory failure is less likely to occur in

that position, but because the risk of syncope is thus greatly lessened.

Syncope is in my opinion the cause of death in most cases reported, and

in many at least is not due to chloroform poisoning at all, but to the

shock of pain or emotion before the patient is fully under or when he is

coming out.

The actions of three drugs were investigated in regard to choroform

poisoning. These were, Nitrite of Amyl, Hydrocyanic Acid, and

Atropine.

Nitrite of Amyl.—This drug was given in several cases where the

respiration had ceased as a result of chloroform poisoning, but no

beneficial results were obtained. In each case one or more capsules

containing the drug were crushed in the fauces while artificial respiration

was being maintained.

Hydrocyanic Acid.—Hobday has suggested the use of hydrocyanic

acid as an antidote in cases of chloroform poisoning. The dose recom-

mended was I minim of Scheele's acid by the mouth for every seven or

eight pounds of body weight. He stated that he had found it invariably

useful in animals in which, as a sequence to chloroform poisoning, the

respiration had stopped. He had already published*^a list of forty-three

observations on various animals, including dogs, cats, horses, sheep and

calves, showing the results obtained b\' this method of resuscitation. In

the last paper he refers to a series of fifteen additional consecutive

cases in which HCN had been successfull}' used in dogs after the

respiration had actually ceased. Wilson" opposed this view very strongly,

arguing on theoretical grounds that as HCN is the most powerful of all

respiratory poisons, hence it could not be useful when the respiration

43 Journal oi Compar.Ttlve Pathology and Therapeutics, June i8<)6.

44 Lancet, Jan 8th, 1S9S.
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was already paralyzed by chloroform. He concluded by saying that " It

would be useful if Professor Hobday could give an account of the effects

of the dose he recommends on a healthy animal." The argument that

because HCN is the most powerful of all respiratory poisons in fatal

doses, therefore it could not do good in any dose, was so obviously open

to criticism that I determined to take advantage of Wilson's sugges-

tion to Hobday and to try the effect of the drug in non-lethal doses on

a healthy animal.

Ex. I.—A healthy mongrel collie dog, weighing thirty-three pounds,

was given hypodermically in the back 9 3-7 minims of x'\cid Hydrocyan.

Dil. (equal to 4 5-7 minims of Scheele's Acid, i.e., i minim of Scheele's

Acid to every seven pounds of body weight) at 2.48 p.m. The room was

at 58° F. Notes were made every thirty seconds of his condition. They

may be summarized by saying that in two minutes the animal was

breathing hard and rapidly, with mouth open as if after exertion. This

continued for five minutes and then he vomited. The breathing

gradually became normal again. He vomited once more at 3.1 p.m.

and then all symptoms disappeared and he remained well.

The effect then of a dose of i minim of Scheele's acid to every

seven pounds of body weight is, very briefly, first, great stimulation of

the respiration ; second, vomiting ; third, recovery.

In order to note the effect of the drug on the blood pressure, pulse

and respiration, several dogs were used. They were previously given

some morphia hypodermically and afterwards just enough chloroform

to keep them quiet so that there should be no struggling to mar the

results.

.^/\/v^A^\/^ftftyw\i^JU^Jtf^l^/^/^^u^An/\f^J^A^wv^AA/v\AJ\/^Al«A^Af^AftAAftn»^AfW^J^n/^>^*»wy^<vv^^(ll ^^ll^MUU^l^^^

Tracing XXXV.— 1/4.— Effect of small dose of HCN. Dog slightly under Morphia and Chloroform

and horizontal. 5 Five minims dilute HCN into fauces. 6 Respiration more ample. 7 Pulse raised

from 87 to 106. Recovery.

Tracing XXXV. illustrates the effect of a small dose of the drug.

The animal had been given V2 grain of morphia hypodermically half an

hour before the experiment began. He weighed about seventeen pounds.

At 5 he was lying horizontal and breathing quietly, twelve to the

minute, with a pulse of eighty-seven, and was slightly under chloroform.
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5 minims of dilute HCN (equal to 2j4 minims of Scheele's acid) were

injected into the fauces. The respiration almost at once became more

ample—although this is not fully brought out in the tracing—but it

was not hastened ; and the pulse was raised from 87 to 106. No bad

effects followed, and y}4 minutes later the animal was reported as quite

normal again. Here then a dose of about i minim of Scheele's acid to

seven pounds of body weight increased the amplitude of the respiration,

slightly hastened the pulse, but did not otherwise alter the tracing, and

no bad effects were produced.

Tracing XXXVI.—g/aq,—Effects of small dose of HCN. Dose administered just before tracing-

begins. 4 Respiration very ample, pulse slightls' irregular, pressure unaltered.

Tracing XXXVI. is from a dog of about nine pounds weight which had

been given ^ grain of morphia half an hour before the experiment

commenced. One minute before the tracing commences 3 minims of

dilute HCN were injected hypodermically. A few seconds later (at 4),

the respiration was deep and sighing and somewhat irregular, the pulse

was slightly faster, and the pressure remained unaltered. After that the

respiration became hastened, but beyond the tracing the animal com-

pletely recovered. Thus a slightly larger dose than Hobday recom-

mended, about I minim of Scheele's acid to six pounds of body weight,

produced no bad effects when given hypodermically. The chief altera-

tion noticed was marked increase in the amplitude of the respira-

tion.

9 8

Tracing XXXVn.—;,/io.— Effects of HCN. Dose administered at 8. 9 Breathing very ample,

pressure rather higher.
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Tracing XXXVII. is from a dog twenty-two

pounds in weight which had previously been given

^ grain of morphia hypodermically. Some minutes

before this tracing begins he had been given 6

minims of nitrite of amyl, but the effects of this

had completely worn off He was now given

three minims of Scheele's acid by the mouth, i.e.,

about the maximum dose recommended by

Hobday. In a few seconds, as shown by the

tracing, the respiration became very ample and

then hastened, the pulse somewhat increased in

speed and the pressure was a little raised. No bad

effects ensued.

Next we come to a series of experiments

undertaken to find the effects of repeated doses

of HCN.

Tracings XXXVIII., XXXIX. and XL. are from

the same dog and show well the effects of repeated

doses of the drug. The dog was a fox terrier

weighing about twelve pounds. At 17, 3 minims

of Scheele's acid were placed on the back of the

tongue. Almost immediately the pulse hastened,

the respiration became greatly excited, irregular and

more ample, and the blood pressure rose somewhat.

A couple of minutes later, fifteen seconds before

Tracing XXIX. begins, the dose was repeated. The
same effects occurred, but soon wore off, and at

1 8a the tracing looks as it did before the first dose

of HCN was administered. Two minutes later

the dose was again repeated at 19 (in Tracing XL.).

The respiration once more became excited, but

soon grew infrequent, the pulse became much
slower and the pressure fell, making the chart look

like that from one form of asphyxia, and soon the

animal died of respiratory failure. The thorax

was quickly opened and the heart was seen to be

still beating—and it continued to beat even after

it was completely removed from the body ; and,

when the contractions had ceased, they could for

several minutes be started again by simply putting
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the heart under a stream of cold water. But although the heart

was beating when the chest was opened it was practically empty,
and a wound made in the left ventricle did not bleed to any extent.

In this case death resulted from 9 minims of Scheele's acid given

to a twelve pound dog in three doses within four minutes. The
result was death from respiratory failure, but before this occurred

1 8a 18

Tracing XXXIX.—q/26.—Repeated doses of HCN 18 Second dose given. Respiration excited.
i8a Pulse slowing-.

there was great and repeated stimulation of the respiratory centre.

As with many other drugs, a small dose produces one effect and a

larger dose the opposite—stimulation in the one case, paralysis in

the other. It is the first stage, that of stimulation only, which is

produced by the dose recommended by Hobday. N. Grehaut*^

showed that repeated small doses of HCN produced powerful stimu-

lation of the respiration. After the injection of 5 cc. of a 1/10,000

19

Vv/^^^^y'-^^^->^^

Tracing XL.—9/17.—Repeated dose of HCN. 19 Third dose. Respiration excited and then slowed
and stopped about 20. Pulse slowed, pressure fell to zero.

solution of pure HCN into the jugular vein of a dog weighing lo

kilo., the respiratory movements immediately became more ample
and soon again returned to their ordinary rhythm. He found

that 7/1,000 cc. of pure HCN killed a 9 kilo, dog in seventeen

minutes.

Next, single doses just sufficient to produce death were given to

several dogs in order to note the sequence of events. An animal
weighing about sixteen pounds was given 10 minims of dilute HCN
(equal to 5 minims of Scheele's acid) hypodermically. He had
already had 3 minims half an hour before. The pulse rate, blood

45 Physiolog. Researches on HCN. Archiv. de Physiol. 1890, p. 133.
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pressure and respiration were noted at frequent

intervals as given below :

Pulse. Respira- Blood
tion

.

Pressure

.

Just before administration.

.

105 24 12501013.

Two minutes after admin-

istration 156 39 125 mms.
Two minutes later 228 29 140 mms.
Two minutes later 168 24 140 mms.
Two minutes later 174 27 140 mms.
Four minutes later 160 18

Four minutes later 11

1

12

Four minutes later.. 44 10

(Tracing assuming an

asphyxial tj'pe with

great amplitude of

pulse waves.)

Four minutes later 34 5
Two minutes later 88 7 t*ressure now

commencing
to fall

steadily.
Two minutes later 118 2

Tracing XLI. shows the last stage of this

case. The last respiration occurred at 14, the

pressure fell steadily, and the pulse became
fast at the last.

Another dog was treated in the same manner,

and the next tracings show the effects at inter-

vals. The animal weighed about ten pounds

and was given 10 minims of dilute HCN
hypodermically, following on 4 minims a few

minutes before. He had had no morphia. Just

before the last dose was given the pulse was

82, the respiration 16, and the pressure good.

(He had quite recov^ered from the first small

dose.)
Pulse. Respira- Blood

Hon. Pressure.

Two minutes after

last administration i6o 26 In statu quo.

Two minutes later.. 50 7 In statu quo.

Three minutes later

(Tracing XLII.).. 42 7 In statu quo.

Three minutes later. 100 Just stopped Falling steadily.

Six minutes later.. . Tracing XLIII. shows the termination

of this experiment. The heart

stopped after beating rapidly to

the end.
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22a

'1)1

Tracing XLII.—q/zS.—Poisoning by HCN seven minutes after fatal dose was gfiven. P. 43 R.

7 pressure still maintained.

^^v^u^^l/^nA/\nAi^nrvi^AAr^J^^u"uxr^J^nr^nlu\Jv^lvv^nrwwJu^Afuln^^n/uvu^J^A/^

Tracing XLIII.—9/34.—Poisoned bj- HCN Last stag^e. Respiration already stopped.

The sequence of events then from a small fatal dose is as follows

:

First, preliminary stimulation of the respiration and pulse, the former

increasing in amplitude as well as in speed ;
second, slowing of the

respiration and pulse, the pressure being maintained ; third, stoppage

of the respiration, pulse increasing in speed and pressure falling ; fourth,

pressure falling to zero, pulse remaining fast until death.

I poisoned four dogs thus which had previously had a hypodermic

dose of morphia. In none of them did vomiting occur, nor convulsions.

One dog which had had no morphia or chloroform showed a strong

tendency to convulsions before death from a dose just sufficient to

obtain a fatal result. He vomited frequently. When the dose of the

drug is largely in excess of what is necessary to produce death, then

the animal almost at once passes into a state of convulsion.

From these experiments it would seem that the dose of Scheele's

acid recommended by Hobday, viz., i minim of Scheele's acid to seven

pounds of body weight, is a safe one in a dog. Such a dose, or a lesser

one, produces the stage of stimulation of the pulse and respiration with

no alteration in the blood pressure. The effect of the drug soon wears

off, and the animal seems to be none the worse.

The next tracings show the effect of using HCN when danger /las

occurred from chloroform poisoning. A thirty-pound dog while vertical

was given chloroform until the respiration stopped. In Tracing XLIV.

the respiration stopped at i8. At 19, 4 minims of dilute HCN were
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administered hypodermically. At 20 he was placed horizontal and

respiration of a very fast nature at once commenced. In the tracing the

big waves represent the pulse, slow because asphyxial, and the little

ones are the respiration. The pulse is sixteen per minute, and the

respirations are sixty. Beyond this the pulse hastened, the pressure

improved and the animal completely recovered. No artificial respira-

tion was here employed, and it seems probable that this animal was

saved by HCN. The placing of him horizontal greatly aided the

result.

19

I

.>v,-rM

Tracing XLIV.—3/10.—Antidotal use of HCN. Animal vertical. 18 As a result of Chloroform

pressure fell and respiration stopped here. 19 Animal apparently dead. HCN hypodermically. 20

HorizontaL ai Respiration 60 per minute, pulse 20 (large waves are pulse and smaller ones respiration).

Animal recovered.

Tracing XLV.—3/11.—Antidotal use of HCN. Animal being vertical, Chloroform pushed, pressure

fell and respiration ceased at <). 10 HCN given. 11 Pressure rising, respiration rapid (not shown on

tracing).

In another case an animal was apparently saved from fatal chloro-

form poisoning only to die from HCN poisoning. A dose equal to

I minim of Scheele's acid to three pounds of body weight was used,

and hence it was not to be wondered at that he eventually died.

Tracing XLV. was taken from this case. While the animal was in the

vertical posture chloroform was pushed, and at 9 respiration stopped,

and the pulse as usual became exceedingly slow—ten per minute—and

the pressure fell to almost zero. At 10, twenty-five seconds after the

cessation of respiration, 7^ minims of dilute HCN were injected into

the fauces. Respiration of a very rapid nature commenced almost at

once, although it produced no sign on the tracing, and at 1 1 the

following note was made :
" Blood pressure rising ; respiration good

although not shown on chart." Thus, so far nothing but good had

resulted from the HCN, and the animal seemed certain to recover.

But now symptoms of HCN poisoning set in as follows : 2^ minutes

from the time of administration of the HCN natural respiration
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stopped, and the pulse was thirty-eight. One minute later artificial

respiration was commenced. Five minutes later the animal was placed

horizontal, with the result that the pressure rose slightly. The finger

was introduced into the glottis. With each artifical respiration a spasm

of the depressor muscles of the lower jaw was felt. This spasm gradu-

ally spread to the muscles of respiration, and eight minutes after the

administration of the HCN the spasm evolved itself into natural

respiration. This stopped two minutes later, and artificial respiration

this time failed to restore it. The animal died igj4 minutes after the

administration of the HCN. This animal "died cured" so far as the

chloroform was concerned.

Bearing in mind the extreme uncertainty of the strength of prepara-

tions of HCN, I took special care to procure from a reliable source a

fresh supply for each of the experiments. Scheele's acid is roughly

double the strength of the dilute Hydrocyanic Acid of the British Phar-

macopoeia. I used the drug both by the mouth and hypodermically,and

seemed to get about the same results by either method. My experi-

ments taken in conjunction with the more numerous ones of Hobday

would suggest that in true cases of chloroform poisoning, when the

respiration has stopped or seems likely to do so, it would be well to try

the use of a medicinal dose of this powerful drug. It could be given,

hypodermically or by the mouth, as an adjunct to artificial respiration

and other restoratives. Cyanide of potassium would be the most

suitable preparation to keep on hand for such emergencies, being a

more staple body than the solution of acid. The B.P. dose of the dilute

acid is 2 to 6 minims, and that of the U.S.?. i to 15 minims.

Hobday recommended a dose of i minim of Scheele's acid to

seven pounds of body weight. For a man weighing, say 140 pounds,

according to this the dose would be 20 minims of Scheele's acid
;

that is 40 minims of the dilute acid. Although such a dose appears

to be safe in animals, I should very much hesitate to recommend it in

practice even in an emergency ; but the full B.P. dose of 6 minims

could be employed with absolute safety, and that of the U.S.P., viz.,

15 minims of the dilute acid, might be used if necessary. Forty-

nine minims is the smallest fatal dose of which I can find any record.*®

Atropine.—The action of this drug has been very thoroughly and

repeatedly studied of late, and my experiments do little but confirm the

results which others have obtained. Atropine has been termed by

Binz^^ " the most powerful of all stimulants " ; Wood and Cerna*" have

46 Taylor's Medical Jurisprudence.

47 Lectures on Phannacolog'y, Binz, Vol. I., p. 93.

48 Journal of Physiology, 1892, p. 882.
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proved its potent action in stimulating the respiration, increasing " the

air movement," as it does in suitable doses, from lOO to 300 per cent.

Nevertheless the drug does not seem to have come into general use in

practice as a stimulant, although Lauder Brunton and others have

urged its value in conditions requiring stimulation. I have discussed

this question more fully elsewhere.*''

I used ten dogs in studying the action of atropine in conjunction

with chloroform, and the results may be discussed under two headings :

First, the effects of atropine when administered previously to the

giving of the anaesthetic, and

Second, the antidotal action of atropine when given after poisoning

from chloroform has occurred.

Seven of the dogs were previously given morphia, while three were

not so treated.

In the first place it may be noted that the effect of gravity on an

animal under the influence of atropine may be quite as marked as without

it. In Tracing XLVI. the dog, while thoroughly under atropine, was placed

vertical at 5 and the pressure is seen to fall in a very decided manner.

This is scarcely what one would have expected on general principles,

and it may be that the heart is already beating up to its maximum and

hence can do no more when called upon to compensate for the fall in

pressure. In Tracing XIV., however, gravity produced very little effect

under similar conditions.

The use of atropine with a view to preventing danger during the

administration of chloroform has long been strongly recommended by

certain writers, and has been as vigorously opposed by others. Many
anaesthetists, especially in Scotland, regularly give a hypodermic

injection of it either alone or combined with morphia before com-

mencing chloroform, and in Lyons this method is niuch used.™ The

Glasgow Commission found as a result of their experiments that

atropine lessened, the danger of death from chloroform, believing as they

did that strong inhibition of the vagus from chloroform was a real

danger, which would be impossible when this nerve was paralyzed by

atropine. Lieut.-Col. Lawrie, on the other hand, representing the

second Hyderabad Commission, opposed the use of the drug, arguing

thus :
" If the Committee regard the effect of atropine as beneficial they

49 " Notes on Atropine," by the author. Montreal Medical Journal, October, iqoo.

so " Les Accidents du Chloroforme et leur Remede." Ann. et Bull, de la Soc. de M^d. Gand. 1889,

P- 253-
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must intend to imply that the

inhibitory action of the vagus

is a danger in chloroform

administration when atropine

is not used, or that the

normal action of a healthy

nerve is a danger to life."

This is in my opinion a

most fallacious argument.

An animal inhaling concen-

trated chloroform vapour is

not in a normal condition
;

and because in normal life

the gentle inhibitory action

of the vagus does no harm,

it does not at all follow that

a great amount of the same

inhibition set up by the

action of chloroform may not

be dangerous. Although I

consider that this argument

is fallacious I do not go so

far as the Glasgow Commis-
sion did in believing that

vagus inhibition is really a

danger in chloroform admin-

istration. When such inhibi-

tion occurs, if the chloroform

merely be continued, the

reflex is soon deadened and

then the heart is released.

In my limited experience a

dog under the influence of

atropine is decidedly harder

to kill with chloroform than

one not so conditioned, what-

ever be the theor)' as to how
the atropine acts. If, how-

ever, chloroform be pushed

persistently in an atropinized

dog the pressure falls steadily,

the pulse remains fast, and

after some minutes — 5^
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minutes in one experiment and jYz in anotiier

—the respiration stops, and two or three

minutes later, the pressure being nearly at

zero, the pulse ceases.

In Tracing XLVII., the animal having been

previously placed under atropine, chloroform

was pushed at 6. No morphia had been

given. A good deal of struggling occurred,

followed by a rapid fall in blood pressure.

Chloroform was removed, and the animal

quickly recovered. It is interesting to note

that although the pressure fell so low the

respiration did not stop as would almost

certainly have been the case if atropine had

not been given. This tracing shows inci-

dentally that the fall in blood pressure in

chloroform poisoning is not dependent upon

slowing of the heart's action.

The action of atropine as an antidote to

chloroform poisoning does not seem to have

attracted much attention. Wood'^^ found

that in a dog in which the respiration

had stopped from chloroform poisoning " a

hypodermic injection of lo cc. of a two per

cent, solution of atropine altered the rate of

the pulse but had no apparent effect on the

pressure and respiration, and in no wise

prevented the final cardiac arrest." lo cc,

however, was such an enormous dose, repre-

senting as it does about three grains of

atropine, that he might well have got such a

result when a more moderate quantity might

have saved the animal. This quickening of

the pulse which Wood refers to is shown
in Tracing XLVIII. In this case the

animal had been atropinized and then chloro-

form had been pushed until the respiration

stopped at i8. After that the pressure rose

gradually and then as gradually sank again

with hastening of the pulse. After the pulse

SI British Medical Journal, Aug-. i5th, 1890.
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had disappeared the second sound of the heart could be heard on

auscultation for about half a minute and then it too disappeared and

the animal was dead.

This slight rise after the respiration had stopped occurred in all the

dogs poisoned with chloroform following on atropine, and probably

points to a circulation made more vigorous by atropine. Reichert,

of Philadelphia, in a recent article,^^ shows that after the respiration has

been paralyzed by atropine, if the breathing be maintained artificially,

then even as much as six times the lethal dose of the drug may be

administered and yet recovery may ensue. He shows, as is of course

well known, that atropine kills by paralysis of the respiratory centre
;

that next the vaso-motor centre is poisoned ; and last of all the heart.

These results if confirmed emphasize the importance of artificial

respiration being continued if necessary for hours in cases of atropine

poisoning in man.

In several dogs in which the respiration had stopped as the result of

an overdose of chloroform, I found that atropine seemed to have a

powerful antidotal action, acting in this respect very much as

hydrocyanic acid does. In a fox terrier dog which was being anaes-

thetized by chloroform the respiration, subsequent to some struggling,

rather suddenly ceased. The canula had not yet been introduced into

the carotid. Artificial respiration was used without success. The

tongue was forcibly dragged upon and was seen to be deeply cyanosed.

The heart could not be heard on auscultation. 1/50 of a grain of

atropine was injected under the skin over the precordia, and the

swelling thus produced was rubbed until it disappeared. About one

minute later the heart was felt to be beating rapidly, artificial respira-

tion was stopped, and in a few minutes natural respiration commenced

in a shallow manner and the animal recovered. Exactly the same

sequence of events occurred in another dog. Unfortunately in neither

of these animals had the canula been adjusted in the carotid, and there-

fore we are unable to produce any tracings. The former dog had had

]^ grain of morphia hypodermically thirty minutes before the

emergency occurred ; the latter had not had any.

I reproduce one tracing from a case in which recovery from chloro-

form poisoning seemed at least to be hastened by the use of atropine.

In Tracing XLIX. the animal was so deeply poisoned by chloroform that

the respiration had already stopped. Atropine was injected at 13.

52 Philadelphia Medical Journal, Jan. 19th, 1901.
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Tracing XLIX,—g/26.—Dog poisoned with Chloroform. Respiration had already stopped.

Atropine injected at 13, No artificial respiration used.

The pulse soon became fast and respiration commenced. No other

means of resuscitation were employed.

My experience would lead me to the following conclusions :

Fz'rsi^, the previous use of atropine lessens the tendency to death

from chloroform poisoning in dogs. Theoretically also one might
assume that from its powerful stimulating effect on the circulation it

would, especially if combined with morphia, tend to lessen the chance of

syncope occurring during, but not necessarily due to, chloroform

administration.

Second, that when, during the administration of chloroform, danger
has occurred, either in the form of syncope or of respiratory failure,

atropine in moderate doses (say t^ grain) would tend to stimulate

both the circulation and the respiration, and hence would be a valuable

adjunct to other means of saving life in such emergencies.
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I.

—

Historical.

The first preparation of gluten from wheat flour by washing away

the starch from dough seems to have been made by Becari, ^ but

Einhof2 was the first, to give special attention to its composition. He
extracted wheat gluten with dilute alcohol, and he found that the

substance which precipitated on cooling, diluting or concentrating the

solution was practically identical with gluten itself

Taddei^ named the portion soluble in alcohol gliadin, the residue

zymom.

Berzelius* thought that he found a second constituent in the part

of the gluten soluble in alcohol, which he called mucin, and which was

precipitated by acetic acid. He^ regarded Taddei's gliadin as identical

with the substance obtained by Einhof from wheat, barley and rye.

The insoluble residue Berzelius called plant albumin, from its great

similarity to animal albumin.

De Saussure® found that wheat gluten contained about 20 per cent,

plant gelatin, or glutin, as he proposed to call it, 72 per cent, insoluble

plant albumin, and i per cent, mucin ; the latter, although differently

prepared, he considered to be similar to the mucin of Berzelius, and it

had, as he thought, the power of transforming starch into sugar.

Boussingault,^ like Einhof, considered that part of the gluten

soluble in alcohol to be identical with the entire gluten proteid.

Liebig^ named the portion of the gluten insoluble in alcohol plant

* The paper now issued as one of University of Toronto Studies represents results of work done under

the supervision of Professor A. B. Macallum, and is published on his recommendation.
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fibrin ; he rejected the term zymom given by Taddei, and also that of

plant albumin of Berzelius, in the latter case because solubility in water

is a characteristic of albumins. The portion soluble in alcohol he called

plant gelatin, and considered it to be a casein-like compound of a

proteid with an undetermined organic acid.

Bouchardat^ found in gluten a substance soluble in extremely

dilute acid, which he named albumin, since he regarded it as forming

the chief constituent of egg albumin, blood fibrin, casein and gluten.

Dumas and Cahours^" found four proteids in flour, namely, an

albumin which was obtained from the water used in washing out the

gluten
;
plant fibrin left as a residue on extracting gluten with alcohol

;

a proteid from this alcohol which separated on cooling, and finally a

second proteid which precipitates from the same alcohpl on concentration

and cooling. This latter he called glutin.

Mulder^^ prepared plant gelatin by extracting gluten with alcohol,

filtering hot, allowing to cool and redissolving the white precipitate

which settled out twice. This he considered to be a compound of

sulphur with protein, and he found that it did not contain phosphorus.

Von Bibra^^ stated that on exhausting gluten with hot alcohol

insoluble plant fibrin remained behind, while plant gelatin and plant

casein dissolved ; the plant casein separated on cooling. These bodies

he thought had the same elementary composition, and were in fact

isomers.

Gunsberg'3 held that gluten was composed of three proteids, gliadin

being a mixture of two. These were, (a) gluten fibrin, soluble neither in

alcohol nor warm water
;
(b) gluten casein, insoluble in hot water but

soluble in alcohol
;
(c) gluten gelatin, soluble in alcohol and hot water.

Ritthausen^* found four proteids in gluten, namely, gluten casein,

gluten fibrin, plant gelatin or gliadin, and mucedin, of which the last

three are soluble in dilute alcohol. His casein was prepared by ex-

tracting gluten with boiling alcohol, cooling, exhausting the casein

which settled out with absolute alcohol, then with acetic acid, and finally

neutralizing the clear filtrate from this with ammonia. The decanted

alcoholic fluid from the casein contained the gelatin, which separated on

evaporation.

Scherer^^ digested gluten with artificial gastric juice and observed

that the greater part went into solution in about fourteen hours.

Martin^^ found that only one proteid was extracted from gluten by
[i6o]
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dilute alcohol or hot water, which gave the reddish violet reaction of

proteoses and peptones. Because of this reaction and its comparative

insolubility he called it insoluble phytalbumose. The residue was

coagulated by boiling water, and was soluble only in acids and alkalies.

He claimed that dilute alcohol extracted only fat from dry flour, and

came to the conclusion that insoluble phytalbumose was produced from

a soluble albumose, and gluten fibrin from a globulin by pre-existing

ferments.

Chittenden and Smith" made preparations of gluten casein accord-

ing to.Ritthausen's method, which averaged 15.86 per cent, of nitrogen

Osborne and Voorhees^^ in an exhaustive research brought many

opposing views into harmony. Like Martin they found only one

proteid in gluten that was soluble in alcohol, and considered that the

various proteids claimed by previous investigators to have been soluble

in alcohol were impure preparations, perhaps mixtures with fat. Martin's

gluten fibrin they termed glutenin, and found its composition to be

practically identical with that of gliadin, a conclusion that had not

hitherto been suggested. The high percentage of nitrogen they thought

due to their improved method of preparation by which all starch, etc.,

had been removed: Contrary to Martin's experience they found that

dilute alcohol extracted gliadin directly from flour.

Osborne and Voorhees further arrived at the conclusion that gluten

is made up of two forms of the same proteid, one being soluble in cold

dilute alcohol and the other not. They found that flour exhausted with

sodium chloride solution yielded the same amount of gliadin as was

obtained from the gluten made from an equal quantity of flour, or by

direct extraction of the flour with 70 per cent, alcohol. They, therefore,

held that gliadin exists as such in the seed.

Teller^^ noted again the fact that gliadin possessed proteose-like

characters, as previously stated by Martin. Gliadin he found to be

slightly soluble in dilute salt solution, and he regarded it as identical

with that bod>- classified by Osborne and Voorhees as proteose.

O'Brien^*' found himself in agreement with Osborne and Voorhees

in considering that gluten pre-existed as such in flour in the same

proportions as in gluten, and that there was but one mother substance in

flour which gave rise by a process of hydration to gluten. His con-

clusions were, (a) that the differently described derivatives of gluten

soluble in alcohol merge into one another
;
(d) that the portion soluble

in alcohol may be made to pass into the insoluble stage
;

(c) that a

proteose is readily formed as a secondary product from gluten.

[16.]
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Fleurent;2i whose work, like that of O'Brien, was unfinished when

Osborne and Voorhees' results were published, found himself also in

agreement with the latter in concluding that only one body soluble in

alcohol was present in gluten. Besides gliadin and glutenin he found a

very small quantity of a third body which he called conglutin.

Morishima22 found only one proteid in gluten (that he named

artolin) which he prepared by kneading gluten with dilute alkali and

treating the decanted fluid with hydrochloric acid until it contained one

per cent, of the acid in excess. The precipitate washed with one per

cent, hydrochloric acid and made up with alcohol to a solution containing

70-80 per cent, of alcohol, was filtered and saturated with absolute

alcohol and ether.

Its composition he found to be :

Artolin (Morishima).

C 52-29

H 7-02

N 16.51

S 74

O
CI 1-57

Mayer23 ^^^i^ ^^^t the old name of plant gelatin was inappropriate,

since it was chemically unlike gelatin ; the latter does not contain sul-

phur, and is insoluble in dilute alcohol.

Ritthausen^^ commented on Fleurent's and Osborne and Voor-

hees' careful work, but, nevertheless, clung to the views propounded in

his early paper. In criticizing the work of Morishima, he pointed out

the fact that proteids are soluble in dilute acids, and concluded that

artolin was glutenin linked with hydrochloric acid.

The subjoined analyses, taken from the paper of Osborne and

Voorhees were found by reference to the original papers to be accurate

:

BoussiNGAULT. JoNES. DuMAs and Cahours. Mulder. Von Bibra.

Plant Plant Plant

Gliadin. Gelatin. Casein. Glutin. Gelatin. Gelatin.

C 52.30 54-44 53-46 53.27 54.85 53.57

H 6.50 7.42 7.13 7- '7 7-05 7-12

N 18.90 15.98 16.04 '5-94 '5-7' '5-57

S .... .... .... .60 .88

O 22.30 22.16 23.37 23.62 21.79 22.86

100.00 100.00 100.00 100.00 100.00 100.00
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extracting starch-free gluten with 70 per cent, alcohol, filtering the

solution repeatedly, and afterwards evaporating completely to dryness.

Average of five estimations 0.83 per cent. ash.

" two "
0.29 " phosphorus.

Gliadin was prepared by extracting gluten with 70 per cent, alcohol,

filtering and diluting with twice its volume of i per cent, sodium

chloride solution ; the white precipitate, separating out, was collected,

washed with distilled water, till free from chlorine, and dried at 110° C.

The analyses gave :

—

I. II. III. IV.

Phosphorus 0.19 0.19 o. iS

Ash . 0.205 0.201

Nitrogen i7-705 I7-43.5 17-64 17-555

The ash from these was dissolved with hydrochloric acid ; the solu-

tion evaporated almost to dryness in a platinum crucible, was diluted

with distilled water, and treated with a quantity of dilute hydrochloric

acid containing also potassium ferrocyanide. A blue colouration im-

mediately indicated the presence of iron ; repeated trials invariably

yielded the same result.

In order to determine whether the iron was organic or inorganic,

a solution of gliadin in ammonia-free distilled water was added to a

solution of hematoxylin. No darkening whatever occurred, showing

that the iron must be organically combined. Inorganic iron salts with

h^ematoxylin give an intense dark blue colour. Pieces of freshly-pre-

pared gliadin, suspended in hcematoxylin, gave no reaction in thirty

hours. The iron, like the phosphorus, must be in organic combination.

Previously to this I had found that on digesting gluten with arti-

ficial gastric juice, and repeatedly renewing the fluid, a part remained

insoluble even after two months. This residue, after extracting with

absolute alcohol and etlier, was dissolved in 0.2 per cent, sodium hydrate,

and precipitated by 0.2 per cent, hydrochloric acid, the precipitate being

insoluble in excess of the acid. Evidently this was a nuclein, and must

have come from the gliadin or glutenin of the gluten.

A gram of gliadin, purified by precipitating, dissolving, repreci-

pitating, and extracting with absolute alcohol and ether, was digested

with artificial gastric juice at 38°C. A residue remained which gave all

the reactions for nuclein, and undoubted reactions also for organic iron

and phosphorus.

[164I
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A large amount of gliadin was now prepared by extracting gluten

with 70 per cent, alcohol, filtering, concentrating to a small quantity,

precipitating with 95 per cent, alcohol, extracting in the Soxhlet

apparatus for sixteen hours with absolute alcohol to remove fat and

lecithin, and finally drying for three hours at i lO^C.

Analyses gave the following :

—

GLIADIN.

C. 52-39 Av. 6.

H 6.84 Av. 6.

N >7-46 Av. 2.

S 1.12 Av. 2.

O 21. 8q

p 0.267 Av. 2.

Fe 0.034 ^'^- 2-

The iron was determined gravimetrically since the amount was so

small that only a few drops of 1/40 normal solution of potassium per-

manganate were necessary by the volumetric method, and the exact end

point was consequently difficult to determine. Taking all necessary

precautions to eliminate aluminium and calcium, results were obtained

by extracting the iron from the ash, which were concordant with those

obtained from the filtrate after precipitating the phosphorus as

ammonium phospho-molybdate. The weight of ferric oxide seldom ex-

ceeded 0.6 milligram. The analyses in other respects agree very well

with those of Osborne and Voorhees, except that the carbon and

nitrogen contents are slightly lower, and that they obtained no

phosphorus.

A large quantity of gliadin was prepared and digested at 38°C.with

artificial gastric juice in litre flasks. Digestion was continued for three

weeks, the flasks being frequently shaken, and the clear supernatant

fluid renewed several times. The considerable residue was collected on

filters, washed free from proteoses and peptones with water, then with

70-95 per cent, alcohol which removed some fat. The residue dissolved

in 0.2 per cent, sodium hydrate solution, was filtered, and the solution

precipitated with excess of dilute hydrochloric acid, the process of solu-

tion and precipitation being repeated several times ;
the precipitate was

then collected on " hardened " filters and washed with distilled water

till free from chlorides. Extracted with absolute alcohol in the Soxhlet

apparatus for sixteen hours, dried at iio'C, and analyzed, the residue

yielded the following results :

—
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GLIADIN NUCLEIN.

C 49-47 ps"" cent. Av. 2.

H
N
S

P
Fe

O

6.98
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in the Soxhlet apparatus for ten hours with absolute alcohol, and dried

for three hours at i lo X., the glutenin so prepared gave on analysis the

following :

—

GLUTENIN.

Nasmith. Osborne.

C 52.75 52.34

H 7.22 6.83

N i6. 15 17-49

S 1.06 1.08

O 22.58 22.26

P 0.215

Fe o . 026 ....

100.00 100.00

Ash o. 188 per cent.

Another preparation by Fleurent's method^' which was also care-

fully filtered, yielded 16.55 per cent, nitrogen. The figures are not at

all in agreement with those of Osborne and Voorhees for this compound.

Mine are considerably higher in carbon and hydrogen, and much lower

in nitrogen, a result which might be accounted for by carbohydrate

impurity. Since, however, it was prepared exactly as described by him

this seems unlikely. The fact that the amount of iron and phosphorus

is practically the same as in gliadin at once suggested the possibility of

these elements being derived from a certain amount of nuclein mechani-

cally carried along with these compounds in the attempted purification

process.

Impure glutenin was digested with pepsin and hydrochloric acid,

but the insoluble residue was so difficult to separate from soluble starch

and was so evidently impure that the complete analysis was not made,

though the presence of iron and phosphorus in it was demonstrated.

In repeating the work of Morishima^ a copious precipitate as usual

occurred at the neutral point, but when more acid was added nearly all

went into solution ; after twenty-four hours only a trace of precipitate

settled out. Glutenin has again and again been shown to be soluble in

dilute acids. Artolin, as I found, is derived from another source than

Morishima supposed. A 0.4 per cent, hydrochloric acid extract of flour

was made, filtered perfectly clear and potassic hydrate added until

neutral, when a precipitate was thrown down, which proved to be nearly

all gliadin. If to this 0.4 per cent, hydrochloric acid extract more acid

was added, a precipitate began to appear which increased with the

acidity. This in large part separated on heating, and it proved entirely

soluble in 7080 per cent, alcohol, the result showing it to be gliadin.

[J67]
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This property of gliadin, of being precipitated with excess of acid, has

not, I think, been hitherto noted. Since the compound of Morishima

was prepared in practically the same way artolin is evidently gliadin in

acid combination. Glutenin remains in solution. The body obtained

under these circumstances by Morishima would perhaps correspond to a

proteid salt,^ e.g., a chloride of gliadin. I obtained the substance

called conglutin by Fleurent-^ but in quantity insufficient for analysis.

In order to decide whether the iron and phosphorus in gliadin and

glutenin were actuall}' in molecular combination in these compounds,

recourse was had to the microscope. Grains of Manitoba hard wheat

were imbedded in celloidin and sectioned. Macallum's methods for

determination of iron^^ ^^ and phosphoruses were used.

For iron the celloidin was removed by equal parts of alcohol and

ether, the sections passed through absolute alcohol and inorganic iron

salts removed by 2.5 per cent, hydrochloric acid in 95 per cent, alcohol.

Sections so treated showed no trace of colour with pure ha^matoxylin in

aqueous solution (0.5 per cent.) after the lapse of thirty minutes. The
sections now placed in sulphuric acid alcohol (4 vols, acid, 100 alcohol)

at 40° C. were removed at intervals of half hours ; on washing out the

acid, and placing in haematoxylin, the sections gave a marked reaction

for iron, the organic iron combination having been broken up and the

inorganic iron salt formed retained in situ.

Sections unextracted by hydrochloric acid showed much inorganic

iron in the aleuron layer and germ. When this had been removed by

hydrochloric acid no colour whatever appeared after standing for twenty

minutes in hsematoxylin solution. After treatment with sulphuric acid

alcohol the nuclei of the aleuron and large parenchymatous endosperm

cells were stained with hematoxylin purplish blue-black. The aleuron

cell contents gave no reaction, nor did the proteid matter of the

endosperm, which constitutes gluten. Gliadin and glutenin, therefore,

do not contain iron in their molecules, and that present must have been

derived from the nuclei of the cells of the endosperm and aleuron la)'er,

and possibly in small amounts from embryo cells.

- The distribution of iron in the embryo, or germ, is a point of interest.

The closely packed cells of the embryo each contained a large nucleus

coloured with hsematoxylin almost black. In the rapidly dividing cells

of the radicle and plumule a diffused purplish blue-black reaction

occurred, which under the highest power could not be identified with any

definite granules or structures. Some of the cells, other than those in a
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rapid state of division, gave a faint purplish reaction, perhaps from iron

derived by diffusion from the nucleus.

In order to show the distribution of organic phosphorus the inor-

ganic phosphates were first removed by soaking for half an hour in

acetic acid alcohol. Sections removed at the end of this time, placed

for a few minutes in the nitric-molybdate solution, and then in one per

cent, solution of phenylhydrazine hydrochloride showed no trace of

green colouration, this fact indicating that all inorganic phosphates had
been removed.

Such extracted sections- were now placed in nitric-molybdate

solution at 35° C. and removed in series at intervals of half an hour.

When placed in a solution of phenylhydrazine hydrochloride for a few

minutes, they showed a green colour, which increased in depth with the

time during which the section remained in the molybdate solution. In

twenty hours the aleuron layer and embryo were stained a bright green.

Sections which had had the celloidin removed by alcohol and ether, and
which were subsequently extracted with absolute alcohol in the Soxhlet
apparatus for several hours, gave exactly the same reactions as those

unextracted. Consequently lecithin could not have been present. The
aleuron cells in such preparations showed a large nucleus of a much
deeper green than the rest of the cells, and under the high power the

colour was seen to be confined to the spaces between the aleuron grains,

the coloured parts appearing in the form of a network. The network
had a more or less punctated appearance, the grains themselves were
perfectly colourless.

In the endosperm of such preparations the nuclei alone were
coloured, though sometimes, after twenty-four hours, the proteid matter
packed between the starch grains, and even the cellulose gave the

phosphorus reaction. Possibly phosphorus had diffused from the nuclei.

The manner in which the phosphorus is distributed in the different

types of embryo cells is quite varied. The palisade-like absorption

cells between the endosperm and embryo appeared finely granular and
of a uniformly dark green tint. The cytoplasm of the radicle and
plumule cells was of a finely granular character, and gave the phos-

phorus reaction. Around these tightly packed cells of the radicle and
plumule were other cells much more loosely connected, whose contents

appeared vesiculated. The intercellular material gave a faint phosphorus
reaction, while the large granular nucleus was much darker and very

prominent.

[169]



14 NASMITH : THE CHEMISTRY OF WHEAT GLUTEN

Between these vesiculated cells and the absorption tissue of the

embryo were large cells loosely bound together. These cells, even

under the low power, were very different from the others, containing

large, well-separated granules, coloured a bright green. Under the high

power these granules appeared round, angular, or often crescent-shaped.

In very thin sections they were quite separated from one another and

very brilliantly coloured ; in thin sections the nucleus often was not

apparent. In thicker sections these granules were seen to be connected,

forming a loose kind of meshwork, the spaces between being filled with

a finely granular substance, giving a faint but distinct phosphorus

reaction. When treated for the iron reaction a very faint violet tinge

appears in these cells, but only between the bodies which stain so

brightly for phosphorus.

From this it seems that, with the exception of the rapidly dividing

cells such as those of the radicle and plumule, iron is found in the nuclei

only of the various cells of the wheat grain.

Phosphorus is more widely distributed, appearing between the

aleuron grains ; in fine grains in the radicle and plumule cells ; in the

foam-like mesh work of another type of embryo cell ; in the very distinct

large granules just described, and in the nuclei of all these cells. From

the various ways in which these different cells stain, and the several

methods of phosphorus distribution in them, one may conclude that

there are probably several nucleins present.

Osborne and CampbelP extracted wheat germ with petroleum

naphtha, ground the residue to a fine flour, extracted this with water,

saturated the clear filtrate with sodium chloride, and subjected the re-

sulting precipitate to a vigorous peptic digestion. The nuclein so pre-

pared, they conclude, " is not an original constituent of the extract nor

of the cells of the embryo, but results through several molecules of

nucleic acid with one of Protein." To this nuclein, washed with water

and dissolved in dilute potassic hydrate solution, was added hydrochloric

acid until a precipitate formed, which readily separated. When this

was filtered off a considerable excess of hydrochloric acid was further

added to the filtrate, whereupon a precipitate of nucleic acid separated

out which became so dense and brittle that it could be ground under

water.

This operation, as described, I repeated, but a small quantity only

of nucleic acid was obtained, which, however, did not become brittle

under water. As I expected, the ash of this nucleic acid and of the
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nuclein, also prepared, gave distinct reactions for iron, even after stand-

ing for several vveeks under dilute hydrochloric acid, a fact unnoticed

by Osborne, and showing that part at least of his nuclein had come from

the nuclei of the cells. If this nuclein had been derived from the

nuclei of the embryo cells, it must have contained iron, since, as above

demonstrated, its presence is invariable in the nucleus. Probably his

nuclein was derived both from nuclei and ground substance of the cells.

It may then probably be admitted that the phosphorus and iron in-

variably found in gliadin and glutenin, no matter how carefully they

have been prepared, are present in the form of nuclein or nucleic acid,

which have been derived from the nuclei of the parenchymatous

endosperm cells chiefly, and carried with them in the purification pro-

cess. Perhaps aleuron and embryo cells imperfectly separated in the

milling process contribute part of them.

III.

—

Properties of Gliadin.

Gliadin extracted directly from raw flour by dilute alcohol is

always contaminated with fat, which gives to its solution a yellow

tinge. On diluting this solution with an equal volume of sodium

chloride solution, a snow-white precipitate separates, which, if the dilu-

tion is sufficient, collects into brownish flocculent masses, and either

rises or sinks, according to the strength of the salt solutions. Prepared

in this way gliadin is exceedingly viscid, adhering to everything with

which it comes in contact. When precipitated by water alone, gliadin

will not readily separate. Evaporation of the alcoholic solution and
cooling cause a considerable gummy mass of gliadin to separate, while

a few drops of sulphuric acid to the supernatant fluid throw down
almost all of the gliadin left in solution.

A solution of gliadin evaporated to dryness forms a glue-like

brittle, opalescent, yellow mass ; hydrated gliadin, exhausted with abso-

lute alcohol and ether, and dried over sulphuric acid, forms a pure white

friable mass. Either variety will almost wholly go into solution on

warming in dilute alcohol. Gliadin is slightly soluble in distilled water,

and then gives the pink biuret reaction ; it is not entirely insoluble in

dilute salt solutions, as stated by Osborne and Voorhees. In dilute

alkalis it readily dissolves, and the greater part of that dissolved

separates on neutralizing. Its action with hydrochloric acid is peculiar
;

it may be extracted directly from flour by dilute acids, filtered per-

fectly clear, and yet an additional drop of acid throws down a cloudy

precipitate which increases in quantity with further addition of acid,
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but separates completely only on heating ; as it cools, however, more or

less of the precipitate goes back into solution. A drop of alkali to the

acid solution only produces a faint opalescence, which does not increase

with additional alkali until the neutral point is reached, when a sudden

clouding occurs, and a precipitate settles out on heating.

A cold alcoholic solution of gliadin filtered clear, clouds slightly

in twenty-four hours, depositing a small precipitate which increases in

quantity wnth the length of time under alcohol. It is much more

soluble in boiling than in cold alcohol, a saturated solution of the

former depositing a heavy precipitate on cooling. Heating to 130° C.

in the autoclave renders gliadin insoluble in alcohol. In artificial

gastric juice at 38° C. it rapidly dissolves, depositing a small amount of

nuclein, and yielding a considerable amount of true peptone, as evi-

denced by the deep red colouration with potassic hydrate and cupric

sulphate in the filtrate after removal of proteoses by saturation with

ammonium sulphate. It is a unique proteid, in that it gives this red

biuret reaction before as well as after digestion. In this particular the

name " insoluble phytalbumose " applied to it by Martin^^ does not

appear appropriate. The proteid is entirely insoluble in absolute

alcohol, and is precipitated by strong alcohol from solutions in weak.

Addition of salt to a solution of gliadin in 70 per cent, alcohol does not

produce precipitation until water is added. Millon's reagent, and nitric

acid give the usual proteid reactions.

Gliadin is distributed throughout the endosperm, especially tow^ard

the periphery, where the small proteid granules are much thicker and

the starch granules they enclose smaller. It is also contained in bran,

and probably in aleuron cells as part of the packing between the aleuron

grains, for both bran and shorts yield gliadin to dilute alcohol.

IV.

—

Properties of Glutenin.

Glutenin is almost completely insoluble in salt solutions, water, and

alcohol ; readily soluble in dilute acids and alkalis, from which solu-

tion the proteid is precipitated unaltered when the solution is rendered

neutral to litmus. It has a definite coagulation temperature which lies

about 70° C. Gluten dehydrated with absolute alcohol and ether, is very

slowly soluble in dilute acids and alkalis, more or less remaining un-

dissolved. Experimental evidence seems to show that glutenin exists

as such in the wheat grain. Its composition, according to Osborne, is

practically identical with that of gliadin, results differing greatly from
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those of previous investigators, who had only in one instance obtained

from glutenin as much as 17 per cent, of nitrogen.

Osborne considered it an altered form of gliadin, but the fact that

it has a definite coagulating point, vi^hile gliadin has none, would indi-

cate that it is improbable. No one has yet succeeded in making

gliadin assume a form at all resembling glutenin. In my opinion the

two proteids are entirely distinct in origin as well as in properties.

Osborne states that glutenin is slightly soluble in cold but much more

in hot dilute alcohol, the dissolved proteid separating on cooling. Since

glutenin is coagulated at about 70° C. the proteid dissolved must have

either been due to gliadin imperfectly separated from the glutenin, or to

part of the latter split off by heat. The trace soluble in cold alcohol, as

Osborne himself hints, may have been gliadin, which is exceedingly

difficult to separate from glutenin.

V.

—

The Ferment Theory of Gluten Formation.

The question whether gluten exists as such in flour, or whether it

results by the activity of a ferment, is one on which there are consider-

able differences of opinion. Weyl and Bischoff^" considered gluten to be

formed from pre-existing globulins by a pre-existing ferment in flour

They held that flour extracted by 15 per cent, solution of sodium

chloride, and heated to the coagulation point of globulin, gave no gluten

They were, however, unable to isolate the ferment.

Martin'^ thought that gluten did not pre-exist in flour as such, but

that his gluten fibrin was derived from a precursor globulin, and his in-

soluble phytalbumose or gliadin, from a soluble albumose. He stated

that gliadin was not extracted directly from flour by 70 percent, alcohol.

Johannsen^^ advanced arguments against the ferment theory, and

thought gluten existed as such in a finely divided state in the wheat

grain. He stated that a temperature of 6o°C. did not injure the gluten-

forming power of flour, and that flour made by mixing dry starch and

finely-powdered gluten behaved like ordinary flour.

Ballard^^ maintained that gluten pre-existed as such in flour.

Osborne^^ arrived at the same conclusion. O'Brien^" found that flour

heated to 100° C. for thirteen hours gave practically the usual amounts

of gluten ; also that a paste made with boiling water yielded gluten in

apparently normal quantities ; that flour left twenty-four hours under

absolute alcohol and ether, yielded gluten when these evaporated. He
concluded that there is but one compound soluble in alcohol, that the
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portion soluble in alcohol may be made to pass over into the insoluble

stage, and that there exists but one mother substance of gluten in flour.

None of the proofs as to the existence or non-existence of a ferment

appear at all conclusive. Dry heat at ioo° C. or even iio° C. for

several hours does not kill ferments, neither does alcohol for a short

period. To prove the non-existence of a ferment presents in this case

peculiar and apparently unsurmountable difficulties, but a few facts

bearing on the point may be given here.

Seventy per cent, alcohol, cold or hot, applied directly, extracts

gliadin from dry flour ; warm 95 per cent, alcohol does the same ; flour

moistened with 95 per cent, alcohol and heated to 80° C. yields abundant

gliadin, as does flour stirred into boiling water and then extracted with

alcohol. When flour, however, is slowly sifted into boiling water, so

that every particle comes into instant contact with water or steam at

100° C. it yields no gliadin to dilute alcohol.

Dough made from flour and boiling water does yield gluten on

washing, as stated by O'Brien, but it is smaller in amount and is of

irregular consistency. The temperature of the dough when mixed was

found to be only 52.5° C. Now glutenin has a definite coagulation

point. Martin^^ stated that the residue after extracting gluten with

dilute alcohol was coagulated by boiling water. Before noticing his

work I had found the coagulation point of glutenin to be about 70° C.

When, therefore, a dough was made with boiling water, and only

reached the temperature of 52° C. only a comparatively small amount

of the flour must have been heated to 70° C, a temperature which

coagulates glutenin. Consequently a quantity of gluten would be

formed from the portion of the flour not heated to that point. A dough

made in this way and gradually heated till it reached a temperature of

80° C. yielded no gluten, proving that its formation depended upon the

glutenin not being coagulated.

A dry heat of 1 10° C. for ten hours does not coagulate proteid, and

flour heated to this point still yields gluten ;
but if flour is heated to

120° C, or even 100° C, for half an hour in the autoclave a dough of

little coherence results, and no gluten is obtainable on washing even

over silk. The glutenin had been coagulated. In other words any

temperature or manipulation that would kill a ferment which might be

present would coagulate the glutenin and therefore gluten could not be

obtained. The fact that gluten has a definite coagulation point would

seem to indicate that it is not derived from the same substance as
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gliadin. I have never been able to transform one of these compounds

into anything at all like the other. With the idea of finding out whether

gluten changed into gliadin, I extracted all the latter from flour, let one

half stand over night under water and the other under alcohol for

twenty-lour hours, but neither yielded anything to dilute alcohol.

The fact that ground, dried gluten mixed with starch yielded dough

of normal properties, as stated by Johannsen^^ is no proof as to the non-

existence of ferment action, since if ferment action were present the

dried gluten itself would have been the resultant product of the ferment

action.

Flour was slightly moistened with absolute alcohol and heated on a

warm bath to 70° C, being stirred all the while with a stout thermome-

ter in order to heat the mixture evenly throughout. Alcohol was used

to prevent any possibility of ferment action. After drying in the air, one

half was taken and made into a dough, from which, as I expected,

gluten could not be obtained. A small quantity of raw flour was

intimately mixed with the other half and this was also made into

a dough. In this case also no gluten could be obtained. This proved

that the formation of gluten depended altogether on whether glutenin

was coagulated or not, since the ferment if existing should have been

present in the added raw flour.

Now ground air-dried gluteih mixed with starch and made into

dough yields gluten of normal properties. Such a dough of ground

gluten and starch warmed above 70° C. does not yield gluten since the

glutenin has been coagulated. Therefore when glutenin which had been

already made, as in the the second case , or glutenin, or even its pre-

decessor in the raw flour in the first case, was coagulated, a similar

result obtained. The probability, therefore, seems to be strong that

glutenin is present in flour as such. And since gliadin is extracted

directly from flour or bran with 70-95 per cent, alcohol, cold or boiling,

and also by dilute acids or alkalis, it also apparently is present as such

in flour, and not derived, as O'Brien^^ holds, from the same parent sub-

stance as gluten.

VI.

—

The Aleuron Layer of Wheat.

The outer endosperm layer of wheat was stated by Sachs'^ jn

1862 to be rich in oil and nitrogenous compounds. Ten years later

Pfeffer^' pointed out the fact that gluten was not derived from the

aleuron layer as was commonly believed. He maintained that the high
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nitrogenous value of the latter was due to substance not proteid in

nature, and to adhering endosperm rich in gluten.

Johannsen^^ in 1888 again emphasized the fact that aleuron cells do

not contain gluten; he stated that these cells contained nitrogenous

granules imbedded in a soft protoplasmic mass, rich in fatty matter.

According to O'Brien^*' the protoplasm of an aleuron cell is con-

tinuous with that of adjacent cells, aleuron as well as endosperm. He
found oil present in considerable quantities. The individual aleuron

grains on addition of water appeared to consist of a central core which

was more or less soluble in water, salt solutions, dilute acids and alkalis,

and not readily stainable. The layer surrounding this core he found to

stain readily with iodine, hematoxylin and aniline stains, and to be

insoluble in any of the above mentioned reagents.

From an aqueous extract of bran he obtained a coagulable proteid,

probably a globulin, and proteose which, when evaporated to dryness,

x'ielded a gelatinous semi-transparent substance, partly separating in

small round spherules, regarded by him as artificial aleuron grains, since

they gave all the reactions of those imbedded in cell protoplasm.

He also extracted from bran by means of dilute alcohol a proteid

which corresponded to gliadin.

Dilute alcohol, I found, extracted gliadin from both bran and

shorts. Aqueous extracts of bran gave a globulin coagulable by heat,

and also a proteose-like body which was not gliadin. On evaporation

of this proteose extract no granule corresponding to O'Brien's artificial

aleuron grains could be obtained, although a granular material did

separate ; the solution at the same time exerted a very strongly reducing

action upon Fehling's fluid. I was unable to make out a double coat to

the aleuron grains. The substance between the aleuron grains seems to

be chiefly gliadin, and contains inorganic iron, calcium salts and phos-

phorus-holding compounds.

VH.

—

Conclusions.

Gliadin and glutenin do not come from the same parent substance,

nor are they of the same composition. Gliadin has not a definite coagu-

lation point, while glutenin has. Gliadin is obtained from rye, barley,

and maize, and from the bran and shorts of wheat, while glutenin

cannot be obtained from these. By chemical or other means one has as

yet not been transformed into anything at all resembling the other.
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Both gliadin and glutenin invariably jjive the reactions for organic

iron and phosphorus, but are not nucleo-proteids. Under the micro-

scope the gluten matrix in thin sections of wheat does not show any

indication of iron or phosphorus, and it must, therefore, be concluded

that the organic iron and phosphorus found in gluten are due to nucleins

or nucleic acid derived from the nuclei of the large endosperm cells.

Probably part is derived from nuclei of the aleuron cells, or of the

embryo cells, or from the nucleins present in the cytoplasm of the

embryo cells.

Gliadin exists as such in the wheat grain, and the theory of its

formation by means of ferment action is not justifiable. Strong alcohol

mixed with flour and then diluted with water to a 70 per cent, solution

extracts gliadin from it ;
boiling alcohol also extracts gliadin from flour

or bran.

Glutenin exists as such in the wheat grain ;
any manipulation that

will destroy the hypothetical ferment will coagulate glutenin, thus mak-

ing gluten formation impossible.

Gluten formation is not merely a mechanical mixture of gliadin

with glutenin, but a definite physical state of the two mixing substances

is necessary. Coagulated glutenin with gliadin does not form gluten.

There are probably several nucleins or nucleo-proteids in wheat, as

shown in the various ways phosphorus is distributed in the different

types of embryo cells. Organic iron is found only in the nuclei of the

endosperm, aleuron, and embryo cells, and in the cytoplasm of the

absorption layer, plumule and radicle cells. The proteid between the

aleuron grains shows the presence of organic phosphorus only.
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—

Introduction

The history of the composition of ocean water is a question of

very great interest to the geologist, the physiographer and the

biologist. To the geologist and physiographer its importance lies

chiefly in the fact that it is associated with the history, on the one hand,

of erosion and denudation of land surfaces of the globe, and, on the

other, of the formation of all the sedimentary strata. The ocean, ever

since the first condensation of water on the rockcrust of the earth,

has acted as a gigantic solvent, and the salts it now holds in solution

represent what it has retained after its action for millions of years as

a leaching and filtering agent. The sedimentary rocks are thus but a

vast precipitate from the ocean of what had been partly suspended and

partly dissolved matter in it during all the geological periods. The

history of the composition of the ocean is, on this view, the complement

of the history of all the terrigenous changes necessary to fill out all

the pages of the record of events that have transformed the surface of

the earth.
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To the biologist the value of the question obtains from a different

point of view. The sea is the original home of all life on the globe,

and it was in the sea that the differentiation between animal and
vegetable life, as well as the evolution of the great divisions of the

animal kingdom were effected. Indeed the great events in the evolu-

tion of animal forms have been rendered possible by changes which

have taken place in the composition of ocean water. These changes

have modified organisms, and have created conditions which have

served as factors in directing the course of development. This may be

specially illustrated by reference to the case of the calcium salts in sea

water. That the earlier Archaean seas contained comparatively small

quantities of calcium compounds seems to be clearly indicated by the

fact that in pre-Cambrian strata the limestone deposits are very limited,

not more than two per cent, of the thickness of the beds, the Huronian

portions of which, now generally recognized as of sedimentary origin,

are, according to Lawson,* over 50,000 feet in thickness. The small

amount of limestone deposits could not have been due to the absence

of living organisms, for the oldest Cambrian beds contain Trilobites and
Brachiopods, and such highly specialized forms postulate a long course

of pre-Cambrian life. The very fact that the Brachiopods of the early

Cambrian were largely those provided with a horny or chitinous shell,

indicates that all the animal forms of the preceding period had imper-

fectly acquired the lime " habit," which, one may reasonably believe,

would have earlier made its appearance had calcium salts been present

in considerable quantities in ocean water from the first. It is perhaps

due to the absence of this lime "habit" that fossils do not obtain in

pre-Cambrian strata.

Once, however, the lime " habit " was acquired, through adaptation

of the animal cell to its environment, the course of development became
accelerated, and the evolution of the higher types of Invertebrate life,

as well as all the forms of Vertebrata, became possible. The Vertebrate

skeleton, and all that it implies in evolution, is, therefore, a result of the

gradual increase in the quantity of calcium in the oceans of the pre-

Cambrian period.

To both the geologist and the biologist the history of the chemistry

of the ocean has recently acquired an additional interest from the

attempt made by Jolyf to determine the age of the earth, who uses for

that purpose as factors the amount of sodium now in the ocean, and that

* Geol. Survey of Canada, 1887, pp. loi and 102, F.

tAn Estimate of the Geological Age of the Earth. Trans. Roy. Dublin Soc, Vol. 7. <Ser. 2),

899, p. 23.
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estimated to be in the annual river discharge of the globe. Joly took

for these the results of Murray,* who, basing his calculations on the

discharge of nineteen of the principal rivers of the world, estimated the

total amount of the sodium and other salts annually put into the sea by
river water. Joly finds from Murray's tables that the sodium annually

discharged is 1 57,270,000 tons, and the quantity in the sea is 14,151,-

000,000,000,000 tons. Dividing the latter by the foi"mer he gets as

quotient, approximately, 90,000,000, which, expressed as years, would

be the age of the earth, or, rather, the period of time which has elapsed

since the first condensation of water vapour took place on the globe.

Joly admits that the ocean at first contained a considerable quantity of

sodium as sodium chloride, and this he puts at about 14 per cent, of the

present amount in the sea. This would make the amount discharged

into the sea by river water less than that stated above, but, on the other

hand, the volume of the ocean may, as a result of more recent estima-

tions, be given a higher value, and in consequence the mass of sodium in

it would be 15,627,000,000,000,000 tons. Further, of the sodium

annually put into the ocean, Joly allows as much as 10 per cent, for that

which is taken from the ocean by the rain and returned again in river

water, and this estimate would make the amount of river sodium, which

is annually leached out of the rocks and strata, as 97,800,000 tons.

With these values Joly finds that the corrected figures for the age of

the earth is 89,300,000 years.

In support of his contention Joly shows that as compared with the

igneous rocks there is in the sedimentary rocks, which are derived from

them, a deficiency of sodium, and that the sodium now in the sea would

approximately account for the difference. The bearing of this fact is

that all the sodium now in the ocean was derived from the original

rock crust by processes which to-day are in operation in decomposing

rock material and removing the sodium therefrom. In other words, the

discharge of sodium into the sea has been in the past a uniform one, or

at least subject to no great variations that would constitute a factor

against determining the age of the earth by this method.

This estimate has been ably criticized by the eminent geologist,

the Rev. Osmond Fisher,-|- who points out that the sodium which is

derived from the decomposition of crystalline or igneous rocks is in the

form of carbonate rather than chloride ; and he asks whether it is not

possible that the chloride of river water is derived, not from crystalline,

* On the Total Annual Rainfall on the Land of the Globe, and the Relation of Rainfall to the Annual

Discharge of Rivers. The Scottish Geogr. Mag,, Vol. 3, 1887, p. 65.

t Geol. Mag., New Ser., Vol. 7, p. 124, 1900.
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but from sedimentary rocks, or from what Sterry Hunt calls " fossil sea

water, still to be found imprisoned in the pores of the older stratified

rocks, and presumably in the younger as well." To answer this affirma-

tively would be of necessity to assert that the sodium which now goes

to the sea as sodium chloride comes from the supply derived from and

deposited by the sea in ancient geological strata—that is, what was at

one time in the sea is being returned to it again. Fisher also points out

that the strata which are now in the process of formation, imprison

sodium chloride in their mass, taking it from the sea. There would

thus be a constant circulation of sodium chloride from the ocean to the

stratified rocks and back again to the ocean. That would also postulate

that the sea was almost as rich in sodium chloride in Silurian times as

it is now, and it would go far to support the view that " the sea was salt

from the first ;" but if we assume that the sodium of the sea is derived

from those sodium compounds supplied by rivers other than the

chloride, the estimate of the age of the earth, as given by Joly, would

have to be multiplied several times in order to get the approximate

length of the period which has elapsed since the oceans of the globe

were first formed.

Another criticism of Joly's view, made along the lines followed by

Fisher, is that advanced by Dubois,* who, from a comparison of the

amounts of sodium and chlorine supplied to the sea by a large number

of rivers, concluded that only a small portion, if any at all, ofthe sodium

derived from denudation appears in river water as sodium chloride
;

that the sodium chloride discharged into the sea annually is derived

from the rainfall, and the salt deposited in the older strata by the sea.

As Fisher has already pointed out, it is the sodium compounds

other than the chloride that ought to be considered as being primarily

derived from the disintegration of rock mass, and, therefore, primarily

added to the sea. What the total amount of this sodium is cannot be

determined with approximate certainty, but Dubois is inclined to regard

it as about one quarter of the total discharge of sodium into the sea as

given in Murray's tables, and, consequently, Joly's estimate of the length

of the period which has elapsed since water first condensed on the

earth's surface would have to be multiplied by four, the product being

approximately 400 million years.

* On the Supply of Sodium and Chlorine by the Rivers to the Sea. Kon. Akad. v. Wetensch., Amsterdam,

Proceedings of the Section of Sciences, Vol. 4, p. 388, 1902.
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II.—The Origin of the Physiological Relation of the
Chemical Element in Blood Plasma.

I have thus dealt at some length upon the importance of the

history of sea water, and with Joly's views and those of his critics,

because all this leads up to a question which is of very great importance

to the physiologist. The life of the globe in the earlier geological ages,

so far as the strata reveal to us the past history of the earth, as already

pointed out, was closely associated with the sea. It is indeed almost

universally assumed that life began in the ocean and continued in

association with it alone till the close of the Cambrian period, although

the presence of graphite in Cambrian and older rocks seems to indicate

that vegetable organisms were accommodating themselves to a land life.

Even this may not be an exception, for these rocks must have been laid

down under water, and therefore their organic remains would be those

of the sea. If accordingly we could know what the composition of the

sea water in the Cambrian and pre-Cambrian periods was, we would, in

all probability, be able to determine some of the chemical and physical

forces to which living matter was then subjected and thus explain the

relations which obtain to-day in living matter between it and its

salts. In a recent paper* I have pointed out that the relative propor-

tions of the elements, sodium, potassium, and calcium in the plasma of

the blood are surprisingly very like those which are found in the ocean

water of to-day, and that the differences which obtain between the two
series of proportions of these elements may be explained on the ground

that such proportions in the blood plasma are those that obtained in

ancient sea water when the ancestral form of Vertebrates, in which sea

water was the circulatory fluid, as it is in many marine forms to-day,

acquired a closed circulatory system. That the ancient proportions are

reproduced to-day in all forms, which have a closed circulation, I

attribute to the influence of heredity, the cells of the organisms having

for ages been associated with the sodium, potassium, and calcium in

certain proportions, and having been accommodated to them, the

relations ultimately became so fixed that living matter reproduces the

ancient proportions in the fluids which bathe itself There is one point

in which the proportions in the circulatory fluid and those in sea water

differ, and that is in respect to the magnesium. In the sea water of to-

day there are 11.99 parts of magnesium for every 100 of sodium, while

in plasma there are 0.8 parts of magnesium to 100 of sodium. This is

* On the Inorganic Composition of the Medusae, Aurelia ilavidula and Cyanea Arctica. Journ. of

Physiol., Vol. 29, p. 213, 1903.
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a striking difference but it is easy of explanation. The proportion of

magnesium in sea water is now slowly growing. In the pre-Cambrian

oceans it must, therefore, have been very small, not perhaps as low as it

is in blood plasma, for in the latter the magnesium would only represent

the proportion of an earlier period than that in which the circulation

became closed, as the tissues would only reproduce the proportion

which had by long accommodation become fixed in them. Even the

•organisms which live in the sea to-day, whose ancestral forms have lived

.n the sea since the Cambrian, do not take up the magnesium from the

sea water in the full proportion which it has in the latter.

III.

—

The Origin of the Relation of the Chemical
Elements within Protoplasm Itself.

There is, therefore, so far as the circulatory fluid of Vertebrates is

concerned, a reproduction of the proportions of the sodium, calcium,

and potassium of the pre-Cambrian oceans. The problem which now
arises is one whose solution involves greater difficulties. If organisms

should reproduce in their own circulatory fluids the proportions of the

elements in the early geological periods, what contributed to those re-

markable proportions which obtain, not in the circulatory fluids, but in

the living matter itself? These proportions are widely different from

those found in the circulatory fluids, and one cannot bring oneself to

regard the former as derived from the latter. In vegetable organisms

the potassium and the calcium much exceed the sodium, and even the

magnesium may be greater in amount than that of the latter. In

animal organisms the proportions are difficult to ascertain owing to the

presence of skeletal and other structures in which the calcium and

sodium greatly preponderate, but even in these the potassium is nearly

equal to the sodium, and in muscle it is greatly in excess, while the

calcium and the magnesium are much less than the sodium. Thus, in

the muscle of the dog the relative values for each are* :

—

Na. K. Ca. Mg.

lOO 354 7.26 25.1

These proportions may or may not represent approximately those

found in unicellular organisms like an Amoeba, or even a white blood

corpuscle, but do they represent to any degree the proportions which

obtained in the early pre-Cambrian seas when life was represented by

unicellular organisms only, which accommodated themselves to the

sodium, potassium, calcium, and magnesium in their habitat, just as the

•Julius Katz, Pflug-er's Arch., Vol. 53, p. i, 1896.
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marine unicellular organisms of to-day have accommodated themselves

to these elements in the sea water? If the blood plasma of Vertebrates,

because of the forces of heredity, reproduce the proportions which

obtained in pre-Cambrian oceans, why should not the cells of the tissues

because of the same forces, reproduce in themselves the proportions

which obtained in sea water of a much earlier geological period ? In

other words, if the proportions in the plasma are inherited, why should

not those found in the living matter be considered as inherited also ?

An affirmative answer to this question would postulate that the propor-

tions of the four elements in early pre-Cambrian seas were very greatly

different from what they are now in the ocean—as different almost as

the proportions of the four elements in muscle are from those found in

the blood plasma.

The question is one of great importance in physiology, and, though

its solution presents great difficulties, its very interest compels a con-

sideration of it. We know that the unit of living matter, the cell,

whether of animal or vegetable kingdom, presents, on the whole, the

same type of structure, and it goes through the same morphological

changes. Some of these are grouped under the process of division, and

its characteristic details are the same in both animal and vegetable

forms. Now, the animal and vegetable cells are derived from a single

type which must have existed at the very dawn of life on the globe.

The whole process of division, with its peculiar morphological features,

was elaborated in this single-celled organism, which transmitted it to its

descendants. Since, as already stated, the process of division is the same

in both kingdoms, it is obvious that it has continued almost unchanged

through an infinity of generations, animal and vegetable, and for many
millions of years, and that this preservation of the original type is due to

heredity. If, now, heredity is so powerful in regard to structure, is it a

negligible force in regard to chemical composition ? Is living matter

fixed in structure almost beyond change, however widely the conditions

under which it lives may vary, but unfixed and changeable in its rela-

tions to the chemical elements ? As structure depends so largely on

composition, it would be difficult to explain how living matter could so

widely vary its relations to the elements and at the same time retain its

structure.

We are, therefore, forced to a choice of hypotheses of which one

postulates that all of the relations of living matter to sodium, potassium,

calcium and magnesium are a result of inherited forces, while the other

•concedes that in regard to the circulatory fluids the proportions are
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determined by heredity, but the relations of these elements in living

matter itself are due to quite different forces in which heredity is a small

factor or no factor at all. The acceptance or rejection of either

hypothesis depends on the evidence which we can bring as to the

composition of the ocean in the very earliest geological periods.

The conclusions which we can formulate on this point depend on

what we accept as the composition of the original crust of the lithosphere,

and in our knowledge of the character and composition of the sedi-

mentary rocks, and they must also be based on the changes which are

admitted to have taken place in the composition of the ocean during all

the periods. These conclusions I propose to deal with here in a general

way only, for a full consideration of all the facts which have a bearing

on them would demand a detailed treatment which would far exceed

the limits set for this paper.

IV.

—

The Composition of the Primeval Ocean.

The original condition of the earth was a molten mass in which

the temperature was so high that many of the elements now in the rock

crust were in a gaseous condition, and dissociated, just as they are at

present, in the solar atmosphere. As the dissipation of heat went on

some of these must have condensed at degrees of temperature which

approximated their present respective volatilization points, while the

remainder, oxygen, hydrogen, chlorine, sulphur and carbon would

combine to form water, hydrochloric, sulphuric and carbonic acids.

The elements, sodium, potassium, calcium, magnesium, and aluminum
would also before condensation take out of the original atmosphere

chlorine, sulphuric acid, oxygen, and perhaps, carbonic acid, to form

the chlorides, sulphates, oxides, and carbonates of these elements, but

whether these compounds obtained after condensation depended on

whether the temperature of the heated rock surface was still as high as

their respective dissociation points. When the molten magma had

cooled down to a degree below the lowest dissociation point, all the

compounds referred to would be either deposited on the hot rock

surface or in the form of vapour in the then atmosphere. When the

temperature of the latter had fallen to about i(X)0°C, all these com-

pounds were removed by condensation, for although, under the atmos-

pheric pressure which now obtains, the temperature of condensation is

for nearly all these compounds about 200° lower, the very great atmos-

pheric pressure of the pre-oceanic period must have rendered the
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combination of the dissociated elements and the condensation of the

compounds formed from them possible at a much higher temperature.*

At such a temperature the previously molten rock had become

rigid, and of course the condensed compounds would be deposited on

its surface, and when refusion of the rockcrust occurred, as it must

have done over large areas, large quantities of the deposited compounds

would be diffused through the superficial crust. When the cooling of

the atmosphere and globe progressed until the temperature of the former

was 370°C, the first condensation of water took place on the rock

surface. The atmospheric pressure, according to Joly,-|- must have been

about 270 times what it is now. According to Clarke's J estimate of the

relative values of water and carbon dioxide to that of the solid portion of

the globe, the atmospheric pressure before the first condensation took

place, was about 247 times what it is at present. Joly affirms that at

370°C a pressure of 190 atmospheres would produce a condensation of

water, and, as the pressure was much higher, condensation would go on

till the pressure fell below 190 atmospheres. This would entail rapid

evaporation, for at many points the temperature of the rock surface

would be so high that the water would condense only to boil away

immediately. This would collect the salts deposited on the surface in

masses, and it would, as in the case of the chlorides of magnesium, iron

and aluminium, convert these into oxides of these metals and free

chlorine, which, uniting with hydrogen, would form free hydrochloric

acid. The other chlorides, namely, those of sodium, potassium and

calcium would be unaffected. The ferric chloride would in some cases

be volatilized but to be recondensed.

This condensation of the water vapour, and the re-evaporation would

occur a countless number of times before there would obtain a perman-

ent body of water on the globe. Where such first occurred there would

be a lower temperature than elsewhere, and in consequence further

condensation of water vapour would occur there also. The result would

be the first ocean basin, the weight of the body of water acting on the

*The volatilization points of potassium, sodium and magesium are 667°C, 743°C, and iioo'C respec-

tively. The melting- points of calcium and aluminium are unknown. The melting pomts of certain sodium

and potassium compounds are, according to V. Meyer & Riddle (Ber, d. d. Chem. Gesell. Vol. 27,

p. 2,443,) as follows :

NaCl 851-0. I KCl 766°C.

NaBr 72fC. K Br 7iS''C.

Nal 6.so°C. K 1 623°C.

Naj CO3 io98°C. K2 CO3 io4S°C.

Naa SO4 843°C.
|

K -SO* io73''C.

t Op. cit.

JF. W. Clarke, The Relative Abundance of the Chemical Elements. Bulletin U. S. Geol. Survey

No. 78, 1891.
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thin crust and easily affecting the depression. These phenomena

would be repeated at other points as the temperature of the crust and

the atmosphere gradually lowered, until at a point below ioo°C. nearly

all of the water originally present in the atmosphere had condensed to

form the oceans of the globe.

The composition of the ocean would follow from the occurrence of

the soluble chlorides, sulphates and carbonates of the metals which

came in contact with the first condensations. As pointed out, the con-

densation of superheated water would convert the chlorides of mag-

nesium, iron and aluminium into magnesia (Mg O) oxide of iron

(FcsOs) and alumina (Al, O3), the first of which is soluble only in

55368 parts of hot or cold water,* while the two latter are practically

insoluble, even in dilute acids. The magnesia, of course, would dissolve

in water which contained either hydrochloric or carbonic acids, but the

amount dissolved would, on account of the slight quantity of these

acids in the water, be very small. The other chlorides, namely, those of

sodium, potassium and calcium, although equally abundant, would not

be leached out of the rock surface in equal amounts. The solubilities of

these salts differ. For example, 100 parts of water dissolve at 99*^0 154

parts of calcium chloride, 56.3 parts of potassium chloride, but only39.7

parts of sodium chloride. In consequence there would be different

quantities of each chloride dissolved, and the calcium chloride would by

far predominate, while the potassium chloride would be more abundant

than the corresponding sodium compound. There would, as already

pointed out, be very little ferric chloride and what would be dissolved

would gradually all be converted, first into the colloidal ferric hydrate,

and eventually into the insoluble oxide of iron.

It does not follow that the ocean would contain, even after a long

period of action on the rockcrust, the whole of the chlorides of

calcium, potassium and sodium originally disposed over and diffused

through the now more or less rigid rockcrust. The constant washing

out of the land areas would no doubt tend to remove these salts from

the rocks until there would be little left in the latter and at the same

time they would become correspondingly more abundant in the sea

water. But other salts would begin to appear there also. The magnesia

derived from the chloride of magnesium, through the action of super-

heated water, would, under the action of carbonic acid in the rain water

go into solution as carbonate, but the amount so dissolved, would, on

account of its low degree of solubility, be very small and it would only

•Fresentus, Llebig'a Annalen, Vol. 59, p. 123.
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after a long period of time become appreciable in the ocean. The

carbonic acid in the rain water must have acted, as it does now, on the

silicates of sodium, potassium and calcium in the rocks and produced

free silica and carbonates of these elements, these latter going into

solution and thus reaching the ocean, where, acting on the chloride of

calcium, carbonate of lime and chloride of sodium and potassium would

be formed. The calcium carbonates would be removed by deposition

and thus constitute the origin of the limestone beds of the pre-Cambrian

age, but the chlorides remaining in solution, thus contributed to an

increase in the amount of sodium and potassium in the sea water.*

The sulphates in the rock crust disintegrated or affected would also

be carried to the sea, but, as these would be small in quantity, they need

not be specially considered here.

Thus the history of the sea must have begun and continued for a

period of unknown length. The only change came from the discharge

into the sea of the carbonates, the consequent removal of the lime and

the slow increase in amount of magnesium, sulphuric acid, and of potas-

sium and sodium. The two latter elements were not removed from the

sea except through the rainfall. As I shall presently point out, the pot-

assium compounds are to-day removed from the ocean apparently as

rapidly as they are added by river water, and, in consequence, the

amount in sea water now appears to be stationary. In the earliest

geological period the conditions which now contribute to this result did

not exist, and the ocean retained all the potassium it held or received

through river discharge. In all probability the potassium equalled, and

even exceeded, the sodium in amount.f When sediments began to form,

and, when soils made their appearance, then, and then only began the

elimination of the potassium from the ocean. It has been long estab-

lished that potassium manifests a marked capacity to unite with silicates

of alumina to form firm compounds, and these obtain whenever potassium

salts in solution come in contact with argillaceous material, sedimentary

or otherwise,:!: while the sodium, magnesium, and calcium are unaffected.

* Sterry Hunt (Chemical and Geological Essays, Boston, 1875) held the view that the most abundant

constituent in primeval sea water was calcium chloride, and that with the gradual addition of sodium carbon-

ate calcium was removed as carbonate and sodium chloride consequently took its place.

t Joly {loc. cit.) assumes that the greater part of the chlorine now in the ocean was originally united with

the iron, calcium, magnesium, potassium, and sodium, these elements entering into combination in proportion

parallel to the proportions in the rockcrust as determined by F. W. Clarke (loc. cit.) This postulates that 14

per cent, of the chlorine now in the ocean was united with sodium, and consequently the ocean originally

contained about one-seventh of the sodium it now holds. As the proportion of sodium to potassium in the

rock crust is 100 to 95. on Joly's hypothesis the potassium in the primaeval ocean must have really equalled

in amount the sodium therein. Joly, however, is in error in supposing that the chlorides of magnesium and

iron could have existed, and he should consequently have made a greater allowance for the amounts of chlorine

combined with the sodium, potassium, and calcium.

{ Sterry Hunt(o>. cit, p. 95.)
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The capacity to abstract the potassium is increased if the silicates are

mixed with organic matter. Consequently the potassium which rain

water may contain is in great part removed when the latter filters

through soils, and, therefore, the water discharge from alluvial areas is

always richer in sodium than potassium. This capacity of soils to

abstract potassium is a matter of direct demonstration, and it " explains

the presence of so small an amount of potassium salts in the waters of

rivers, lakes, streams, and oceans where the lime and soda have accumu-

lated."* This cause of deficiency acts not only in the case of the potas-

sium leached out of disintegrating rock by rain water, but also on the

potassium carried from the sea to the land areas by rain water. The
potassium thus carried is not inconsiderable, for, according to M. J.

Pierre.-f the rain water in the neighbourhood of Caen (France) annually

carries to each hectare of land, about 7.9 kilograms of this element, or

about 1.23 tons per square mile.

This mode of elimination also operates in the ocean, where, how-

ever, the organic matter responsible for the removal, is derived from

plankton organisms, which, on dying, fall to the sea bottom and their

remains decomposing, the potassium they hold reacts with the argil-

laceous material on which the deposits rest and forms the mineral

known as glauconite, containing as low as 0.95 per cent, of oxide of

potassium, but other estimates range from 2.52 to 4.21 per cent. The
sodium present is very much less in quantity.^ This mineral is now
being formed, as it has been formed in the past, on the ocean bottom

over the areas which fringe the continental coasts and it constitutes as

much as, or more than, half of the deposits in shallower waters. Consider-

ing the extent of these areas as well as the fact that they cover the sea

bottom of those localities into which river discharge takes place, it will

be recognized what a very important factor the constant formation of

glauconite is in eliminating potassium from sea water and thus prevent-

ing an increase in the amount of that element in the ocean. This

formation has been going on in the past geological periods, for it is to be

found§ in the primary formations of Russia and Sweden, in the sands

* Mendeleefs Chemistry, Vol. i, p. 547, 1897.

t The reference is given in Dr. Angus Smith's " Air and Rain." which is quoted by Joly {loc. cit.)

X The analysis ot five specimens as given by Murray & Renaud (Challenger Report, Deep Sea Deposits,

p. 389) gave:
/.

CaO 1.69

Mg O 2.49

K2O 2.52

Na2 O o.go

Other analyses quoted by Roth, (Allgemeine and Chemische Geologic, Vol. i,

centage of potassium (not K2 O) varying from 2.8 to 7.3.

§ Murray & Renaud, op. cit., p. 384.

[192]

//. ///.



Macallum : The Pal.eochemistry of the Ocean. 15

and gravels of the Cambrian sandstone of North America, in the
Quebec group of Canada and in the coarse Silurian sands of Bohemia.
In the Mesozoic period it was more abundantly formed and its deposits
are very marked in the strata of the Cretaceous division. It is also found
in the Tertiary from the lowest strata to the highest of the series. It is

thus shown that the formation of glauconite occurred in all the geolo-
gical periods from the commencement of the Palaeozoic Age to the
present time and that thus a very large proportion of the potassium
which the ocean would now contain, were it not for the formation of
glauconite, has been removed from it.*

In the formation of glauconite, organisms appear to play a very
distinct part and amongst these the Foraminifera are the most important.
The decomposing organic matter of the dead forms liberates sulphur
which combines with the iron in deposits to form sulphide.f This
latter is converted into sulphuric acid which, acting on the fine clay
sets free colloidal silica and ferric hydrate in a condition which pro-
motes their union and the silicate so formed combines with potassium to
form glauconite. It is obvious that organic matter is a very important
factor in the process and that in the absence of animal organisms no
glauconite would be formed, a view which explains the almost complete
absence of this mineral from the deep sea areas, but it also postulates as
decidedly, that before the appearance of living forms in the primeval
ocean, there was little or no potassium eliminated from it, and this, taken
in conjunction with the fact that in eariier pre-Cambrian times there
could not have been much or any soil to affect the potassium in the
waters discharged from the land areas, makes it quite clear that there
was a period during which the potassium content of the ocean must
have increased absolutely and that this was succeeded by a period in
which the amount of the potassium ceased to increase or remained
practically stationary, while decreasing relatively to other constituent
elements. The beginning of this latter period coincided with the ap-
pearance of living forms in large numbers in the sea.

The history of sodium in the ocean has been one of uniform in-
crease through all the geological ages. The addition that is to-day
being made by river discharge is large and must have obtained as
abundantly in the past. There have, on the other hand, been no im-
portant agencies which have served to eliminate it from the ocean.
The grerc salt deposits, some of which are as old as the Cambrian, are,

*Forchhammer was the first to point out that pot.issium is bein^ removed from the ocean, (British
Association Report, .844, p. ..S3.) From his analysis of Fucoids and of the metamorphosed Fucoid schists of
Scandinavia he came to the conclusion that Fucoids constitute a very important factor in the process.

t Murray and Renaud, op. cit., p. 389.
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as is certainly the case with the Stassfurt beds, the result of the evapor-
ation of land-locked arms of the sea.* and they are constituted of but ai>

infinitesimal fraction of what is contained in the ocean. Sodium chloride,
like other constituents of sea water, is carried landward with evapora-
tion and rain clouds, but it appears to be returned to the ocean, without
any perceptible loss, through the river discharge. The only method of
elimmation which at all possibly counts is that in which it is imprisoned
mechanically in the sedimentary deposits during their formation. That
sodium chloride is removed in this way has been pointed out and em-
phasized by Osmond Fisher, but there are no data which serve to indi-

cate that this is a considerable factor in diminishing the sodium content
of the ocean. All the known facts point in the contrary direction.

There is no mineral in the course of formation, which is extensive or
abundant in its distribution and which also requires considerable
quantities of sodium for its production, and there are, further, no
agencies acting in the soils which serve to remove sodium compounds
from the percolating water.

In these considerations we find a full explanation for the relative

proportions (loo : 3.613) of the sodium and potassium which now obtain
in sea water, and also for those which obtain in the river discharge of the
globe. According to Murray's estimate for nineteen principal rivers, the
proportions would be 100 : 38.6. We may postulate from this that in the
early geological periods of the pre-Cambrian period, when soils did not
exist, the quantities of each element discharged by rivers or bodies of
water derived from the land surface, were nearly equal. Since the
primeval ocean, as pointed out above, contained these elements in almost
equal quantities, this condition must have continued until long after soils

holding organisms and organic matter had appeared, and even for an
indeterminable period after organisms had made the ocean their

habitat. The change in the relative proportions once begun must have
gone on with extreme slowness, and oceanic organisms, at first wholly of
the unicellular kind, must have, after acquiring a relation to these
elements, just as slowly responded to the changes in the proportions of
their medium.

The river discharge of the globe has been from primeval times add-
ing also magnesium and calcium to the sea. According to calculations

based on Murray's data, the proportions relative to the sodium shown in

these are 134 and 591 respectively to every 100 of the latter. This is,

of course, based on approximate estimations, and they may be incorrect,

* See G. P. Merrill's "Treatise on Rock and Rock Weathering and Soils," p. 120, 1897.
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as they seem to be, if one scrutinizes the proportions that are
found in rivers whose waters have been carefully analysed. There are
only two rivers, the Amazon and the St. Lawrence, which give nearly
the proportion of magnesium called for by Murray's estimates, while the
Ottawa, the Mississippi, and the Nile give quantities much below that
of the sodium, and the quantities of the calcium are found to vary very
much for the different rivers. If we disregard Murray's estimates and
base our observations on the analyses of the various rivers, we can
safely conclude that, while the quantity of calcium added, except in the
case of the Nile, is always, and sometimes very much, greater than the
sodium addition, the latter does not probably exceed the amount of the
magnesium discharged. In the ocean, however, the sodium, calcium,
and magnesium have the proportions of 100, 3.91 and 12.0.

The comparatively low proportion of magnesium in sea water is

explainable. In the first place, as pointed out above, there must have
been in the primeval ocean but very little magnesium, owing to the
conversion of all the chloride of magnesium into magnesia which is,

except in minute quantities, insoluble. The conditions which so affected
magnesium chloride left the chlorides of calcium, sodium and potassium
unchanged, and in conseqence these went into solution in primeval sea
water, and were, therefore, as compared with magnesium, very abundant.
Further, the ocean at first must have contained only traces of the latter
element and the subsequent addition of it through river discharge
would increase the amount in sea water, but not to such an extent as
to make it overtake the sodium.

There is another factor which operated in limiting the amount of
the magnesium. This is the tendency shown by the chloride to interact
with the carbonate of lime when the latter undergoes deposition to form
limestone, and, in consequence, this always contains carbonate of
magnesia. When the latter exceeds 10 per cent, the mixture of the
carbonates is given the conventional name of dolomite, and in some
formations of this kind the magnesia is found greatly to exceed the lime.
Dolomites are found in all the periods down to and including the
Cambrian and even in the pre-Cambrian, it is associated with the
crystalline schists.* An exact estimation of the magnesium so
localized is impossible, but on the average it cannot be more than lo
per cent, of the quantity of the calcium due to deposition, so that the
amount of magnesium removed annually from sea water must fall far

behind that of the calcium. It follows from this that whatever were

* Zirkel, Lehrbuch der Petrographie, 1894, Bd. 4, p. 499.

I195I



i8 Macallum : The Pal^ochemistry of the Ocean.

the proportions of these two elements in primeval sea water, the propor-

tions must have slowly changed, and as a consequence the magnesium

must have gradually increased while the calcium practically remained

stationary.

It must of course be admitted that magnesium is withdrawn from

the ocean by organisms, but the amount thus removed is very small,

and in no case is it an important method of eliminating the element

from sea water. In the hard part of corals it is as a rule under one*

per cent, and in the coralreefs it is less than that in amount, while the

calcium constitutes nearly 40 per cent. Forchhammer'sf analyses of the

ash of sea weeds reveal a quantity of magnesium which he regarded as

important, and he held that the Fucoids thus remove quantities of this

element and deposit them in the beds which contain the solid substances

of sea weeds as far as they are insoluble in water.;J According to the

analyses of Godechens,§ the ash of Fucoids contains from 4 to 7 per cent,

of magnesium. That the element is eliminated from sea water by these

forms may be conceded, but it is doubtful if the quantity removed in

this way is sufficient to affect materially in time the total amount

retained in the ocean.

We may conclude, therefore, that in the formation of dolomites, of

magnesia-holding limestones and chalk deposits, and, to a minor degree,

in the activities of animals and plants, elimination of magnesium from

sea water has always obtained ; and, further, that the amount eliminated

annually does not equal the amount of magnesium added to the sea by

river discharge. This postulates a constant increase in the amount of

magnesium in the sea ; and in this respect it must be ranged with

sodium, which increases in amount at a greater rate, since, so far as is

known, there are for it no agencies of elimination in operation which

compare with those affecting the potassium, the calcium, and even the

magnesium. The sodium, therefore, though it is not added in greater

amount than in the case of the latter, is increasing at a greater rate, and

thus the proportion of sodium to magnesium in sea water is slowly alter-

ing. As pointed out above, the primeval ocean must have contained

but an exceeding small quantity of magnesium, and the amount of the

latter now in it is practically wholly derived from the leaching out of the

land surfaces during the intervening ages.

As regards the calcium in sea water there is less uncertainty. The
* According- to Forchhammer the corals, /sis nobilis and Coralliutn nobiU, contain 6.36 and j.i per cent.

respectively of magnesium carbonate.

t Roth, op. cit., p. 616, where the results of analyses of a number of forms are given.

J Op. cit., p. IS9-

§ Ann. d Chem. und Pharm., Vol. 54, p. 351, 1854.
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calcium of river discharge greatly exceeds in amount that of the three
other elements, and yet it is less abundant than either in the ocean. If

there were no elimination of calcium from sea water, the salts of the
latter element would long have reached the point of saturation in the
ocean. The present condition is easy of explanation. On the one hand,
calcium separates from sea water through the formation of sulphate and
carbonate of lime, which are to a high degree insoluble. This constit-

utes in part the origin of the gypsum beds and of the limestones of
sedimentary origin. On the other hand the myriads of organisms that
have their habitat in the sea have the lime "habit," and they conse-
quently remove from solution enormous quantities of calcium. This is

the case not only with all forms provided with exoskeleta and endos-
keleta, into the composition of which lime largely enters, but also with
those which exercise the precipitating effect on the calcium salts they
absorb from sea water, the precipitation rarely going so far as to form a
distinct deposit in the cells or tissues of the organism. This power to
precipitate is universal, as shown by the fact that the capacity to form
calcareous skeleta is almost universal, and this capacity is merely an
enhancement of the power to precipitate. The latter, therefore, operat-
ing so largely, separates calcium from sea water, and on the death and
disintegration of the organisms, the element is deposited on the sea
bottom either as phosphate or carbonate of calcium.* These deposits,

owing to the fact that they contain few calciferous fossils, are regarded
as due to chemical reactions alone ; but if they are, sedimentary lime-
stones should be of a more uniform distribution, whereas we find them
more or less localized. The explanation that they are due to protoplasmic
" secretion " and not to either chemical reaction or skeletal deposition in

living forms accounts for much, and indicates what a factor living proto-
plasm, animal and vegetable, is in the separation of calcium from sea
water.

Sterry Hunt t advanced the view that in the primeval ocean the
chief salts were chlorides of calcium and magnesium, and that the
constant, large output by river water of carbonates of sodium and
potassium, and particularly of the former, affected a conversion of these
into carbonate of lime and chlorides of sodium and potassium which
were retained in solution, while the carbonate was deposited. The
objection to this view is that, if it is correct, the conversion ought to have
taken place in the pre-Cambrian period, and, therefore, there ought to be
extensive limestone deposits in the rocks attributed to that period.

* Sterry Hunt, op. cti., pp. 82 and 311.

t Op. cit.y pp. 2 and 41.
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There is, indeed, in these rocks only a small amount of crystalline or

other limestone, and there appears to be still less in the divisions of the

Huronian, which, as pointed out, have a thickness in the Lake of the

Woods and Rainy Lake districts, according to Lawson,* aggregating

50,ocK) feet, all representing sedimentary formations. What limestone

and gypsum are present in pre-Cambrian rocks can very well be attri-

buted to the occurrence of calcium salts in the oceans of the Archaean

in quantities, however, which could not have very greatly exceeded those

which obtain to-day in sea water.

V.

—

The Relation of the Salts in the Ocean to
Protoplasm.

From the considerations advanced in the preceding section of this

paper, it follows that the ocean has been, and is now, slowly changing,

not in its composition, but in the proportions in it of the various

elements to each other, and that, as a consequence, it is now in this

respect greatly different from what the primeval ocean was in the

period following the first condensations of water vapour on the rock

crust of the globe. It may again be noted that in all these changes

there are two distinct periods. In the first, or older, life was not

represented except towards its close, and therefore, the only factors

engaged in eliminating any of the elements from the sea were purely

chemical ones such as are illustrated in the precipitation of lime as

carbonate and sulphate and of magnesia as carbonate. In this period

the elements must have differed in amounts from each other less

markedly than they do to-day, and the constant addition to these

from the discharge from the land surfaces did not tend to alter, even

after a very long interval, the proportions which first obtained. This

period must have terminated some considerable time after the appear-

ance of living forms on the globe, and especially only after the adapta-

tion of vegetable forms to a land life, and the consequent production

of soils. The second period could not have begun at once after the

appearance of living forms, for these must first have acquired a relation

to the elements and then have developed the habit of disposing of the

various salts which they took out of the sea water. This period may
well be supposed to have begun when there had developed not only a

considerable diversity of forms in the sea, but also the organisms

which contribute to the production of organic matter in soils. In this

period the removal of potassium from the land surfaces decreased,

* Loc cit

.
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and the combination of this element with argillaceous matter at the

bottom of shallow portions of the sea began. As a result the amount
of potassium in sea water became stationary. At the same time the

removal of calcium on a larger scale than obtained in the preceding

period commenced and this checked the increase of calcium salts.

The first forms of life in the primeval ocean were undoubtedly

unicellular, and they were probably also organisms which presented

features intermediate between those of the vegetable kingdom on the one

hand, and those of the animal kingdom on the other. These forms must

have persisted for a period of unknown but very great duration, for in

them developed not only a nucleus but also the capacity on the part of

the latter to divide in the remarkable and complicated manner illustra-

tive of karyokinesis, and which is characteristic now of the cells of both

kingdoms. This process of division, so alike in its main features in

animal and vegetable cells, must have become fixed before specialization

had gone so far as to evolve both animal and vegetable types, for, had it

been otherwise, there would have been greater differences in the pro-

cess in animal and vegetable forms. That the process has continued

practically unchanged in all the intervening millions of years shows how
deeply fixed in the organism this morphological habit has become, and,

therefore, the act of fixation must have taken an incredibly long period

of time during which the ocean was changing, not in the relative propor-

tions to each of the elements it contained, but in the absolute amounts

of these.

During this long period, these organisms, neither distinctly animal

nor distinctly vegetable, exposed as they were to action of these

same elements, must have acquired a relation to them as fixed as the

karyokinetic process was becoming. Their protoplasm had established

all its normal processes in the presence of potassium, sodium, calcium,

and magnesium in certain proportions in sea water, and, after the lapse

of the long period of time required for the elaboration of the karyo-

kinetic method of division, these processes became unalterably depen-

dent on the presence of the elements in the proportions which then pre-

vailed. Without this fixed relation life could not continue, and when
specialization into animal and vegetable forms occurred this fixed relation

was transmitted to the forms of both kingdoms. How long these latter

forms remained unicellular cannot, of course, be surmised, for there are

no means of determining the length in time of this or any part of the

pre-Cambrian age, but that it was of very great duration can hardly be

questioned, and it must have strengthened the relation which obtained

between protoplasm on the one hand and the elements in certain pro-

[199]



32 Macallum : The Pal-siochemistry of the Ocean.

portions, on the other.* In consequence, their descendant forms

inherited this relation, and transmitted it to the forms and species which

arose through variation and other causes. When multicellular forms

arose these were endowed with the same relation.

The proportions of the elements in the early pre-Cambrian ocean

with their long action on protoplasm must then have conferred a more

or less fixed property on the latter and, in consequence, living matter,

whether animal or vegetable, now shows in its ash proportions of the

elements greatly different from those found in the media in which it

lives or in the circulatory fluid which bathes it. This relation or

property resists change even after exposure to altered conditions for a

very long period of time. Before the circulatory fluid (blood plasma)

was established in multicellular animals, a great change must have

occurred in the proportions of the elements in the ocean, a change which

would account for the wide differences between the proportions in the

protoplasm or tissue on the one hand, and those in the blood on the

other.

The proportions of the elements in living matter are due then to

conditions which obtained in the ocean far back in the pre-Cambrian age,

while those in the blood or plasma are due to conditions which occurred

in the ocean long after this and yet before the beginning of the Cam-
brian period. The proportion of potassium to sodium in blood plasma is

nearlyf double what it is in the ocean and therefore that difference must

have resulted in the period that has elapsed since the rudiments of a

circulatory system were developed in those Metazoan animals which

gave rise to Vertebrates.

As pointed out above, it is difficult to obtain the exact proportions

of the sodium, potassium, calcium and magnesium in living matter, for,

except in muscle fibre, protoplasmic structures cannot in sufficient

quantities be freed from adherent material which carries these elements

in very different proportions. Calcium exists in tissues apart from the

protoplasm and as precipitates or deposits, and according to recent

observations which I have made, this is true in a very large degree of

* Geolog:ists concede a very long time to the pre-Cambrian, a duration which, according to the different

estimates, ranges from one-third to four-fifths, and even nine-tenths, of the whole geological period. The
very fact that all the chief types of animal lite, and perhaps also of vegetable life as well, appeared before the

close of the pre-Cambrian age, indicated that the latter was of inconceivably long duration

.

t Amongst the oldest and highly specialized forms are Olenellus and the Brachiopods of the Cambrian.

The oldest Vertebrate remains are in the Trenton division of the Silurian, more recent than the Cambrian,

but these are " ganoid" in character and this fact postulates a long preceding period of development out oi

Protovertebrate forms which therefore could not have first appeared much later than the beginning of the

Cambrian. The circulatory system of Vertebrates accordingly has a history which began in the pre-

Cambrian age.
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potassium. With regard to this element it may be said that active living

matter has the power of absorbing it in large quantities and disposing

of it in an inert form by precipitating it at the peripheries of cells or in

inert organic masses within them, and, as a consequence, the ash of

animal and vegetable cells shows a larger quantity of potassium than the

protoplasm of the cells required. This illustrates how difficult it is to

determine the primitive and fixed proportions of potassium and calcium,

and further, how little we should depend, even in the case of muscle,

on the analyses of the ash of organs or organisms, for this purpose. If

a sufficient quantity of Amoebae* could be obtained for analysis it might

yield results of value but until that is done, the exact proportions of

sodium, potassium, calcium and magnesium must be a matter for con-

jecture. It can scarcely be that the proportions found in muscle repre-

sent even approximately those which should obtain in undifferentiated

propoplasm or cells.f

VI.

—

Evidence from the Lakes and Rivers of the Present
Period.

It may be JDointed out that in the composition of the rivers, large

lakes, and seas of the world, there is evidence confirmatory of the view

that potassium and calcium predominated in the pre-Cambrian seas.

The conditions, of course, which contribute to the composition of the

lakes of to-day are not the same as those which existed when the

oceans of the globe were formed. There are but infinitesimal traces of

the chlorides of calcium and potassium in the rock crust or sedimentary

strata, and, further, there are, apart from the deposits of salt, and that

amount of it due to rainfall, but small quantities of sodium chloride

which can to-day come under the leaching action of water. There are

also soils to alter the proportions of the chemical elements derived

from them.

Nevertheless it happens that in lakes surrounded, either wholly or

* Fresh water, unicellular animal organisms are apparently free from excess of the elements. They are, as

a rule, free from potassium, at least in such quantities as are found in other organisms.

t According to J. Katz (Pfluger's Arch., \ol. 63, p. i), the proportions in muscle from different animals

are :

Na, K. Ca. Mg.
Man 100 400 9.3 26.4

Dogr 100 3S4 7-2^ 25-'

Rabbit 100 870 40.0 60.5

Pike 100 1415 145.0 105.0

These and other results of the same observer are open to the objection that no effort was made to get

muscle fibre free from all adherent tissues. Visible blood vessels, tendons, nerves and fat were indeed re-

moved but these constitute only a part ot the non-muscle portions of the tissue and they may be the cause of

the variations shown in the results.
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partially, by regions in which pre-Cambrian formations occur, or are

the only apparent rocks, the potassium predominates over the sodium.

For example, in the water from Reindeer Lake, which is situated 400
miles directly north of Lake Winnipeg, Professor Adams found the

potassium to exceed very greatly the sodium. In the water from the

Churchill River, as well as in the water from the Saskatchewan River

above the junction of the Big Stone River, the potassium is much richer

than the sodium.* These rivers drain rocky areas chiefly of the pre-

Cambrian type. Rocks of the primitive kind, therefore, contrary to the

prevailing opinion,f supply to the water which comes in contact with

them more potassium than sodium.

Even in the case of Lake Superior which draws its supply not only

from the primitive rock region on its northern side, but also from the

areas covered with soils of alluvial and drift origin on the south, the

potassium is about equivalent to the sodium. In the lakes of the

Bavarian Highlands, Rachel See, Wurm See and Ronig See, the

potassium is twice in amount that of the sodium. In Lake Zurich the

potassium exceeds the sodium. In Lake Geneva, in Pyrenean and
Vosgean Lakes and in those of Russia, Armenia and Central Asia the

potassium is approximately two-thirds of the sodium. It is probable

that if proper methods for estimating potassium had been current in his

day, C. Schmidt would have found for the lakes of Russia, Armenia and
Central Asia a higher potassium value than he obtained, for the

methods then in vogue for the determination of the element in the

presence of sodium were very faulty and gave very low results. It is

probable also that this may explain the low value found by Sterry Hunt
for the potassium of the Ottawa River, whose waters, as well known, are

derived largely from Archaean regions.

The Tables A and B show further that, in nearly all cases, the

calcium is very abundant. In the Nile only, amongst the rivers, is it

less than the sodium, while it very greatly exceeds it in the rest. In the

lakes it is very abundant relatively, with the exception of the Rachel See
and Lake Onega. In the Bavarian lakes. Lake Geneva, Lake Zurich,

and some others, it is exceedingly abundant relatively.

The magnesium is always less than the calcium, and the relative

difference is sometimes very great. It may fall below the sodium, but,

as a rule, it is greater in amount.

These proportions, one can readily understand, must have been

* F. D. Adams Geo. and Nat. Hist. Survey ot Canada, 1880-2, p. 6, 4,

t This opinion is based largely on the fact that the potash feldspars are difficult to decompose while
the soda feldspars readily undergo decomposition.
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uniformly maintained for an indefinitely long period. It may even be

claimed that, in the case of Lake Baikal, of Reindeer Lake, and

other lakes supplied from Archaean areas the proportions have obtained

from pre-Cambrian times, and further, that the river discharge of that

period, coming as it did from pre-Cambrian rock areas wholly, would

contain the four elements in these or similar proportions. That would

postulate that the primeval ocean was merely a gigantic body of fresh

water, in which the sodium, potassium, calcium, and magnesium obtained

in quantities and proportions as they now obtain in a lake situated in

Archaean area. As already pointed out, these proportions gave place to

others, and to-day, as in the past, the relative amounts of each element

are changing, so that in a few million years hence the composition of

ocean water will be appreciably different from what it is now.

One can, indeed, illustrate what changes have taken place in the

ocean by reference to such a large body of fresh water as Lake Superior.

If the latterwere to lose its outlet no doubtits areawould be larger than it is

now, but when that had attained a certain extent the evaporation would

balance the inflow as in the case of the Caspian Sea, and in consequence

the salts held in solution would constantly increase in amount, but each

at different rates up to a certain point, when the proportions would begin

to approximate those in ocean water. One cannot of course say that

this is what has happened in the case of either the Caspian or the Sea

of Aral, for these bodies of water were connected with the ocean as late as

the beginning of the Tertiary age, but it may be pointed out that if their

composition was, to start with, the same as that of the ocean in Tertiary

times, their present composition is strong evidence of the effect that the

salts derived from leaching of the land areas have in modifying the

proportions, for in that respect either is markedly different from the

other and from the ocean.

The Great Salt Lake of Utah may be adduced as an instance of the

change of a body of fresh water into one which presents a high degree

of salinity and which in the proportions of its salts is remarkably not

unlike the ocean. This lake, which is in part of the area covered by the

glacial Lake Bonneville, is considered by G. K. Gilbert to have been a

body of fresh water about 25,000 years ago. He arrived at this result

by determining the discharge of chlorine into the lake by river water

and comparing it with the quantity at present obtaining in the lake.

Lake Bonneville had* an outlet delivering its waters into a tributary of

the Columbia River and thus the lake was kept fresh. When, however,

this outlet was lost, changes climatic and physical operated to reduce

* Monographs of the U. S. Geol. Survey, Vol. i. Lake Bonneville, 1890, p. 354.
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the volume of water, and, evaporation keeping pace with the inflow, a

concentration of the salts held in solution took place. An examination

of the present sources of inflow shows that these do not contain the

sodium, potassium, calcium and magnesium in the relative proportions

which are found in the lake. Gilbert estimates that it would take only

eighteen years to give the lake through its fresh water inflow, all the

calcium it now contains and that 850 years would to this end be re-

quired for magnesium. He does not deal with the case of the potassium

of which the analyses he reports show only traces in the inflow water,

but this also may have been due to faulty methods of determining that

element. These latter seem to be the only explanation for the great

discrepancy between the amounts of potassium found by Talmage* in

1889 and Bassettf in 1873+.

Short as is the extreme period required by Gilbert's calculations to

affect all the changes in the composition, it has epitomized the history

of the ocean. Even if we postulate that the primitive rock crust of the

globe in pre-Cambrian times contained more sodium chloride than what

is found now in Archaean formations, there is also more of this salt in

the strata of later geological periods which cover the drainage area of

Utah Salt Lake. Of course there is not a complete parallel between

the latter and the ocean, for the relative proportions are not exactly the

same, but their approximate similarity is striking, and, it may be added,

very convincing as to the extreme probability of the thesis maintained

above. §

TABLE A.

RIVERS.

Na. K. Ca. Mg. SOj. CI. Si. Fe.

1. St. Lawrence ... loo 22.9 638.0 i43'4 136.0 223.0 343.0

2. Ottawa 100 64.2 416.7 82.

5

67.3 224.3 402.0

3. Mississippi 100 35.5 462.0 82.0 17.1 8.4 86.4 17.0

4. Amazons 100 72.6 1,089.0 135-6 36.0 90.0 ...

5. Nile 100 22.2 75.1 41.5 18.5 16.0 44.4 ....

6. Assinaboine 100 10.5 122.0 69.4 127.9 50-0

7. Red River 100 12.3 133-3 83.2 190.0 91.4

8. Nineteen Rivers

(Murray) 100 38.6 590.9 134.2 197.6 53.5 145.3 37-9

•Science, Vol. 14, i88q, p. 445.

t Chemical News. Vol. 28, 1873, p. 236.

See Table B, Utah Salt Lake, 26 and 27.

§ In Lake Shirwa, according- to J. E. S. Moore, (".The Tanganyika Problem," 1902, p. 22,) we have a

lake which was once fresh, but has become salt through the loss ot its outlet. So far as I know no

analyses have been made of its waters.
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TABLE B.

LAKES AND SEAS.

19.

20.

21.

22.

23-

24.

25-

26.

27.

28.

Na.

Superior loo

Rachel See 100

Wiirm See 100

Walchen See. . .

.

100

Ronig- See 100

Schlier See 100

Lac Gaube
(Pyrenean) 100

Lac Gerardmer

(Vosg-es) 100

Lake Geneva. ... 100

Lake Zurich 100

Lake Peipus 100

Lake Onega 100

Lake Tschaldyr

(Armenian High-

lands) 100

Lake Baikal 100

Sea of Aral 100

Caspian Sea 100

Dead Sea 100

Utah Salt Lake.

.

100
" "

.

.

100

Ocean 100

K.

97.2

199.4

223.9

117.7

207.9

96.4

66.3

Ca.

1,015.0

13.0

2,445.0

2.557-0

5,812.0

3.i4'-o

421.0

Mg.

208.0

809.0

808.5

588.8

661.0

17.9

SO3. a.

103.2

17-5

Fe.

1.6

70.4
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SUMMARY.

The points discussed in the preceding pages may be summarized as

follows :

—

1. The composition of the ocean represents the result, on the one

hand, of the leaching action of water on the land surfaces of the globe

continued throughout all the geological periods, and, on the other, of

the chemical and other agencies modifying or enhancing the power

of sea water to retain in solution the mineral constituents derived from

the land surfaces through river water since the beginning of the primeval

period.

2. The relative proportions of the elements, and especially of

sodium, potassium, calcium, and magnesium, in river discharge are not

parallel to those of the same elements found in the sea. In river water,

the calcium is always more, and the potassium less, abundant than the

sodium, while the magnesium appears to approximate in amount the

latter. In the sea, on the other hand, the sodium is much more abun-

dant than the other three elements, and this is due to the continuous pre-

cipitation of a very great portion of the calcium added by rivers as

carbonate, to the subsequent fixation in the limestone so formed of the

magnesium as carbonate, and to the removal, continually taking place,

of potassium, which is affected through animal and vegetable forms, and
its consequent fixation in submarine deposits as glauconite and other

potassium-holding minerals. The calcium and potassium appear to be

stationary in amount, while the magnesium added by river water appears

to exceed in amount that removed from the sea, and, in consequence, is

slowly on the increase in the ocean, but its rate of increase is far behind

that of the sodium.

3. The relative proportions of the elements in the ocean have,

therefore, always been changing, and these proportions must have been,

in the earlier geological periods, very different from what they are now.

In the ocean of the earliest period the relative proportions of the

elements approximated those found in river discharge, or rather those

found in fresh water shed from areas covered with Archaean rocks. In

this the potassium approaches the sodium in amount while the magnes-

ium exceeds the latter, and the calcium is relatively very abundant.

4. This condition must have continued until living forms made
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their appearance in the ocean when the gradual elimination of the

magnesiunn, and particularly of the potassium and calcium, began. The

forms were in all probability unicellular, and as the period must have

been of great duration, the organisms and their protoplasm acquired a

fixed relation to the four elements.

5. With the appearance of vegetable land forms and the formation

of soils the removal of potassium from the land to the sea by river

water diminished, and this, in conjunction with the elimination of the

element from sea water by organisms, made the amount in the sea

stationary. Through the action of living forms the calcium also in sea

water has been kept stationary since that remote period.

6. In the transition from the ocean of the more ancient composi-

tion to that of the present, the unicellular forms became multicellular,

and developed circulatory systems, the vascular fluids of which were

at first simply modified sea water. In the blood plasma of Vertebrates,

the three elements, sodium, potassium, and calcium are in relative pro-

portions strikingly like those which now obtain in sea water. The

magnesium only is considerably less than it is in sea water. The whole

is due to heredity, the proportions of the saline constituents of the

plasma being a reproduction of the proportions which obtained in sea

water when circulatory plasmata were developed.

7. The proportions of the four elements which obtain in living proto-

plasm are as yet unknown, for the latter has the power of precipitating the

potassium, calcium and probably the sodium and magnesium as inert

compounds in itself or in its adventitious structures, and thus analyses

would comprehend the inert material as well as the quantities of these

elements which are actively participating in the processes of the living

substance. If we could determine the latter quantities alone we could

regard them as a representation of the proportions obtaining in prime-

val sea water to which the protoplasm of unicellular organisms had

established a fixed relation.

8. That such a relation could be inherited may be inferred from the

fact that the karyokinetic process, being practically the same in the

animal and vegetable cell, has continued unchanged in both from the

primeval period when the karyokinetic process first developed in a

parent unicellular organism neither distinctly animal nor distinctly

vegetable. This indicates how marked an influence heredity wields.

9. Briefly, animal as well as vegetable protoplasm owes its relations
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to the elements sodium, potassium, calcium and magnesium to the com-

position of sea water which obtained when all forms were unicellular

just as the blood plasma owes its relations to the same four elements to

the composition of sea water which prevailed when circulatory fluids

were established. In other words the relation of protoplasm to salts is

due to the action for ages of sea water, for incalculably long periods of

time, on the living matter of unicellular organisms.
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I .

—

Introduction.

One of the most keenly discussed questions in physiology for the

last forty years has been the manner in which the absorption of fat takes

place in the intestine and the question is still, after so long a period of

debate, as far from settlement as it was a generation ago. The basis of

the discussion has been shifted somewhat recently, but the point of con-

tention still is whether the fat passes into the epithelial cells in part as

very fine particles in the form of a so-called emulsion and in part also in

a dissolved condition, or only in a dissolved form as the products of hydro-

lysis, glycerine, fatty acids and soaps.* The former view had the support

of Briicke, Kolliker, Bonders, Eimer, von Basch, von Thanhofer, Griin-

hagen, Heidenhain and others while it was opposed by Pfliiger, Cash,

Ludwig, and Rindfleisch, and the number of its critics have increased

in recent years with the result that the balance of opinion is inclined in

favour of the other view.

What has told in favour of the alternative view is the advance in

our knowledge of the action of digestive juices on the fats, which goes

to show that fats are broken up into simpler compounds by the steapsin

* A complete account of the literature of this subject may be found in Oppel, Lehrbuch der Ver-

gleichenden mikroskopischen Anatomie der Wirbelthiere, Zweiter Theil, Schlund und Darm, 1897;

Kischensky, zur Frage iiber die Fettresorption im Darmrohr, Ziegler's Beitrage, Vol. 32, p. 197,

1902; Croner, Die neueren Ergebnisse der Frage von der Fettresorption, Biochemisches Centralbl,

Vol. 3, p. 93, 1904.
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of the pancreatic juice and to a certain extent also by the gastric juice,

these simpler products, owing to their solubility in the chyle, diffusing

as readily into the epithelium as do the peptones and the hydrolyzed

carbohydrates. From this point of \dew the digestion and absorption

of fat are not different fundamentally from the digestion and absorption

of proteids or of carbohydrates, and therefore, the occurrence of a special

process in the case of fat, such as does not obtain in the case of proteids

and carbohydrates, was questioned and generally rejected.

In spite of the preponderance of observation and opinion against

the view that fat is in part absorbed as fine particles in the form of an

emulsion, there have not been wanting in recent years supporters of that

view and amongst them may be counted Rosenthal,* Connstein,t Beneke, J

Munk^ and Rosenberg.** Included also is Kischensky,tt who has brought

forward evidence which, in the opinion of the writer of this paper, meets

the objection that no one has demonstrated the passage of fat particles

through the striated border of the epithelial cells.

This observer employed in his technique a new micro-chemical

reagent, scarlet red (Scharlach Rot), an azo colouring compound, intro-

duced by Michaelis,JJ which is insoluble in w^ater, acids, alkalies, slightly

soluble in alcohol and readily soluble in chloroform and in fatty oils.

Owing to its affinity for fats and fats alone, and in consequence to the

intense red colour which it gives to the finest particles, this reagent is a

very much more sensitive one than osmic acid which was previously re-

garded as the final test for fat in tissues.

Kischensky, by the use of this reagent, found very minute fat par-

ticles in the striated border of the villi in kittens, and that these particles,

after passing through the border and reaching the underlying protoplasm,

fuse to form larger, readily demonstrable droplets. He does not, however,

regard this as the only manner in which fat enters the epithelial cells for

he expressly states that the greater part of the fat is absorbed in the

soluble form and that only a small portion goes through the striated border

in the form of very fine particles. He further holds that in full grown cats

the fat particles are transferred to the parenchyma by the cytoplasm of the

* Lehrbuch der allgemeine Physiologie, 1901.

t Ueber die Resorption und Assimilation du Fette, Die Med. Woche, No. 15, 1900.

X Die Fettresorption bei natiirliche und kunstliche Fettembolie und verwandten Zustanden.

Beitrage zur Path. Anat. und z\ir aDg. Path., Vol. 22, p. 343, 1897.

IfZur Frage der Fettresorption, Centralbl. fflr Physiologie, Vol. 14, pp. 129 and 153.

** Zur Physiologie der Fettverdauung, Pfliiger's Arch., Vol. 85. p. 152.

tt Zur Frage uber die Fettresorption im Darmrohr und den Transport des Fettes in andere Organe.

Beitrage z. path Anat. und z. allg. Path., Vol. 32, p. 196, 1902.

tJDie indifferenten Farbstoffe als Fettfarbstoffe.—Deutsche Med. Wochenschrifft, 1901, p. 183,

Also: Ueber Fettafarbstoffe, Virchow's Arch., Vol. 164, p. 263, 1901.
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cells, but in kittens the fat may pass not only through the cytoplasm, but
also through the intercellular spaces to parenchyma.

The writer had, before Kischensky's paper came to his knowledge,
begun the study of the absorption of fat and had, through Michaelis'
observations, been led to employ scarlet red as a micro-chemical reagent
for fat. With this and other means he carried out the work, and when
it was completed, arrived at results which are, in many respects corrobo-
rative of those obtained by Kischensky, but were obtained from a larger
number of vertebrate forms. These results are now published in the hope
that they will serve in some degree to advance the solution of the question
of the mode of absorption of fats.

II.

—

Methods op Study.

During the first five months guinea pigs were almost exclusively used.
Sometimes they were kept from all food for as many as four days before
they were employed, while others were not so treated. They were fed
on egg yolk diluted sufficiently with tap water to allow the mixture being
drawn up into a pipette used for feeding, and fifteen to twenty cubic
centimetres of this were given to each three times a day. At the outset
of the investigation many of the animals were fed on diluted yolk to
which one cubic centimetre of dialysed iron was added on each occasion.
Others again were given only pure olive oil. Some were fed only once, and
killed from three to six hours afterwards, others were fed one, two or three
days, while a few were continued on this diet alone until death ensued.
The rest of the animals employed were invariably killed with chloroform,
the abdomen was at once opened, the duodenum exposed, and pieces
about a centimetre and a half long, and one half a centimetre broad taken
from different portions, were placed in Flemmings Fluid for about twelve
hours. The composition of this fluid was:

—

o. I per cent, chromic acid, 15 parts.

2. per cent, osmic acid, 4 parts.

One part glacial acetic acid was added to nineteen parts of the above
when about to be used. The specimens were then washed in running
water for half an hour, placed in fifty per cent, alcohol, after about twelve
hours in seventy per cent, for twenty-four hours, then in ninety-five per
cent, for another twenty-four hours, and finally into absolute alcohol for
periods varying from twelve to seventy-two hours. When it was con-
sidered necessary the absolute alcohol was changed and fresh added.
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Some of the specimens were then passed through chloroform into paraffin

while others were infiltrated with celloidin before being imbedded in

paraffin. Owing, however, to the presence of chromic acid in the fixing

agent the proteids are so coagulated that not enough is left unchanged in

the sections to cause the latter to adhere, so that in most cases a small

amount of collodion and oil of cloves had to be employed for attaching

the section to the slide. In a few instances the sections were made adher-

ent with albumen and glycerine.

The preparations were treated after the iron-alum haematoxylin

method, followed by eosin staining. Numerous other stains were used

but this method gave by far the best results so that it was the one chiefly

used. With this stain the nuclei stand out as blue black, the cytoplasm

takes the eosin, while the fat is black or, if not very abundant and seen

with the diaphragm of the microscope well open, a brownish tinge is

evident.

With the view of investigating more closely the striated border I

experimented with other fat stains, and finally obtained what I required

in scarlet red (Scharlach Rot). This stain is insoluble in water, but

soluble in seventy to eighty per cent, alcohol. It is also soluble in soap

solution, but insoluble in glycerine or chloral hydrate, five per cent In

using it one must be careful to get a solution of proper concentration, else

the results are very unsatisfactory. It requires to be shaken from time

to time with seventy, or even eighty per cent, alcohol for three or four days

and then filtered. Before using it should be tested on a little olive oil

smeared on a slide, when, if good, it will give a deep red reaction to the

globules in about one minute.

In my first experiments I used guinea pigs fed for about three days

upon olive oil. They were then killed with chloroform about three hours

after the last feeding, the abdomen opened, a piece of the duodenum
was put into ten per cent, formalin for about forty-eight hours,

then frozen with carbon dioxide spray, and sections made about six-seven

microns thick. These were put into the scarlet red solution for about

forty-five seconds, then transferred to tap water for a few seconds and

mounted in glycerine, the edges of the cover slip being later smeared with

melted paraffin.
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III.

—

Structure of a Villus.

Before dealing with the subject proper I wish to refer briefly to the

structure of certain cellular elements of a normal villus of the duodenum

of a guinea-pig.

The epithelial cells covering the villus are columnar, their length being

approximately three to four times their width at the outer edge. They

lie upon a basement membrane in which there are no nuclei. The majority

of histologists describe this membrane as containing nuclei, but I have

never been able to satisfy myself that they are present. It is true that

in many cases nuclei appear to be present, but on very careful examination

one will invariably find that such a nucleus belongs to an adjacent capil-

lary. It is an easy matter to demonstrate blood capillaries lying adjacent

to the basement membrane, and in specimens where the red corpuscles do

not stand out prominently it is not difficult to fall into error.

When the epithelial cells are at rest, no demonstrable space exists be-

tween adjacent cells, their edges being closely approximated from upper

to lower end. During their active stage, however, as I shall point out fur-

ther on, their lower ends become separated. This separation I believe

to be due to the contraction of the lower end of the cell so that the length

of the cell is increased. The reasons for this view I will give later on when

discussing the extrusion of the fat from the epithelial cells.

The striated border is particularly interesting inasmuch as no one,

heretofore, except Kischensky, has been able to demonstrate fat within

it. In the literature of the subject it is usually represented as having a

distinct and clearly defined outline both above and below. It is a simple

matter to demonstrate the sharply defined lower margin of this striated

border ; in fact one can readily see it in teased out preparations, but the

distal edge is not equally well defined. Heidenhain* has indeed called

attention to the changeable character of the outer edge and Kischensky

and others have noted the same fact. I have examined a great many
specimens of epithelium from various animals, and as a result, find that

the striae are unequal at their distal ends. Further, I have on many
occasions seen striae terminating as rodets distally. And it is perhaps

what one might regard as probable, for in the higher invertebrates the

epithelial cells of the intestine are ciliated, and in the larvae of frogs, also

the epithelium is ciliated, while that of the adult frog is only striated.

Again as I shall show later on these striae are able to pick up particulate

*Pfluger's Arch. Vol. 43, Supplement, p. 91.
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substance, thus adding further weight to the contention that the striae

have free ends.

Within the parenchyma of the villus is to be found a variable amount

of smooth muscle fibre together with connective tissue strands. These

latter branch in various directions between the basement membranes of

the epithelial layer and the wall of the lacteal, leaving anastomosing spaces

of irregular size and shape between. Within these spaces and also in the

connective tissue are to be seen four main types of cells,—the ordinary

polymorphonuclear leucocyte, the lymphocyte, the "mastzell," which,

however, does not stain with the ordinary dyes, but can be easily demon-

strated with methylene blue and, lastly, cells, which I have termed large

lymphoid cells, varying in size from about ten to twenty microns in diameter,

and from a spherical to a more or less elliptical outline. Their nuclei are,

as a rule, eccentrically placed, and are usually vesicular. The outline of

these cells is generally clearly defined, and the protoplasm takes the eosin

stain, appearing as finely granulated. As far at least as the guinea pig

is concerned, I have never seen these large lymphoid cells within or between

the epithelium covering the villus nor in the lacteal, in this respect differing

from the other leucoc3^tes. They are, however, actually phagocytic as

will be shown later on. They are precisely similar to the cells described by

Macallum as containing iron when salts of that element are being ab-

sorbed from the intestinal cavity.*

The number of leucocytes in the villus is subject to great variation.

The majority, however, during fat absorption, at least, are of the large

lymphoid character and are especially numerous at the tip of the villus, a

point of considerable importance when one remembers that most of the

fat enters at that place.

It is noteworthy too that in the guinea pig very few leucocytes of any

description are found either within or between the epithehum covering

the villus, and this is true whether active fat absorption is going on or not,

a fact of very great moment in relation to one of the older theories of fat

absorption. In the same animal, too, one very seldom sees a leucocyte

in the lacteal vessel.

The occurrence of lymphatics, with well defined walls within the

parenchyma of the villus is still in doubt. I have on several occasions

tried to inject such, using soluble Prussian Blue dissolved in gelatin, but

failed to demonstrate them. The difficulties, however, are great owing

to the valve at the base of the villus. I am convinced, nevertheless, that

*0n the Absorption of Iron in the Animal Body, Journal of Physiology, Vol. 16, p. 268

1893.
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they are not present. That there are lymph spaces, however, I feel cer-

tain, and there is quite conclusive evidence to show that the spaces between

the epithelial cells of at least their basal thirds, are in direct communica-
tion with these intraparenchymatous lymph spaces, because one can

frequently demonstrate streams of fat going direct from these spaces

in the epithelium to the wall of the lacteal. (Figs 2, 5, and 8).

IV.

—

Fat in the EpitheivIum.

That the fat enters the villus directly through the epithelial cells can

no longer be questioned. When a guinea pig is fed on fat containing food

for a day or two and killed about four or five hours after the last feeding,

and the preparations stained as above outlined, the picture is conclusive.

Fat droplets of various sizes are seen throughout the cells. Although

there is no uniformity regarding the size of these drops the largest are

usually seen towards the distal (free) end, (Figs. 1 and 14). Above the

level of the nuclei the fat is often intercellular, (Fig. 7). At the level

of the nuclei and below them it may be intracellular (Figs. 4 and 9), or

intercellular (Fig'. 5), but below the nuclei most of the fat is between the

cells. I do not wish to convey the idea that the nuclear zone

is a hard and fast line of demarcation, but there is a difference in the dis-

tribution of the fat in the cell above and below it. I am aware that

Heidenhain claims that the fat only goes into these intercellular spaces

when in excess. Von Basch holds that it is present only in a sort of back-

wash. The former explains its presence between the cells by the con-

traction due to the fixing agent, whereby the fat is squeezed out of the

parenchyma into the intercellular spaces. This one cannot accept, for

preparations from frogs fed with olive oil for a day or two and killed

about three hours after the last feeding are decisive. The intestines of

these fixed with 10 per cent, formalin for twent3'-four to forty-eight hours,

sectioned on the freezing microtome and the sections stained in scarlet

red and mounted in glycerine show these intercellular spaces to be filled

with fat. If, however, before they were treated with the fat stain they

were placed in ether for about half a minute, these spaces which before

were red are now light, the fat having dissolved out. If one saw fat in

these spaces only in shrunken sections Heidenhain's explanation would

appear the more probable one, but it is such a constant feature in well

preserv^ed sections that one must endeavour to account for it in some other

manner. I believe therefore, that the fat is to a large extent excreted

by the cell activity into these intercellular spaces. Watnev believes that

the fat is taken up wholly between the cells. Against this may be placed
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the fact that in properly prepared sections the most striking thing in

the field is the great amount of fat inside the epithelial cells.

Bruyne claims that there is connective tissue between the epithehal

cells, containing lymphatics so that leucocytes can penetrate between

the cells and pick up fat from the intestinal contents. He is of the opinion

that all the fat lying between the cells has been deposited there by these

leucocytes. So constantly have I found the fat between the cells that I

cannot accept this explanation. If leucocytes are instrumental in placing

the fat there one would expect to see them in abundance between the

epithelium, but in the guinea pig at least their occurrence there is a rarity.

Not uncommonly one sees more or less irregular circular spaces just

beneath the striated border which are clear and free. They are found

after treatment with lo per cent, formalin, saturated bichloride of mer-

cury, or absolute alcohol, and even with Flemming Fluid if the osmic acid

is not of the usual strength. They are due to fat globules having dis-

solved out leaving vacuoles behind. In some cases one can see these spaces

containing just a small amount of fat, in others the spaces are filled while

the next cell has a vacuole, (Fig. 8). Adjacent cells do not necessarily

take up an equal amount of fat. Very frequently one sees several adja-

cent cells loaded with fat while others near them are free from it.

The nuclei of the epithelial cells never contain fat. It is true that a

section will at times apparently show fat in the nucleus, but it is due to

the way in which the section is cut, the fat in the cytoplasm then appearing

under or above the nucleus.

Concerning the presence of fat in the striated border special reference

is made below.

V.

—

Fat in the; Parenchyma.

When a guinea pig is fed fat in excess the adenoid tissue of the villus

is black with it. (Figs. 2 and 12). It lies in the spaces between the

leucocytes and the fat streams communicate freely in all directions. In

some instances, especially when the fat is not abundant, minute drops of

fat are visible and these frequently present the appearance of a row of

minute beads, the series being directed generally toward the lacteal. (Fig.

8). In others the droplets have coalesced into large masses of fat, which

take the shape of the spaces through which the fat is passing, (Fig. 5).

It is frequently possible to trace these fat streams proceeding directly

from the basal end of the epithelial cells, (Fig. 8), but much more com-
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monly do we find them connected with the interepithelial spaces, (Figs.

5, 6 and especially Fig. 8). Again one can demonstrate fat within the
lower third of the epithelial cells and reaching almost to the basement
membrane and yet not going directly towards the lacteal, but, instead,
being excreted into the interepithelial space and pressed into the
parenchyma as a fine stream, (Fig. 5). In the same drawing one can
see the fat within the epithelium streaming towards the interepithelial

space. For these reasons I feel justified in stating that mt)st of the fat is

excreted into these interepithelial spaces which apparently are in direct

communication with the large, fat-containing space of the parenchyma.
Within the fat streams, especially at the tip of the villi, numerous leuco-

cytes, more or less laden with fat, are to be seen. (Fig. 1). At the sides

of the lacteal, however, where the leucocytes are much less numerous one
can frequently trace fat streams from the basement membrane to the
lacteal without the intervention of leucocytes, a point which adds con-
siderable weight to the contention that the leucocytes play a minor role

in the transference of the fat through the adenoid tissue of the ^allus.

Often too the only leucocyte intervening is a polymorphonuclear one
which, so far as I can make out, never takes up fat, (Fig. 2)-

I have already stated that I regard these fat-containing spaces as
connected with the central lacteal on the one hand, and with the inter-

epithelial spaces on the other. In any event one can, with the greatest
ease, demonstrate fat streams going direct from these interepithelial

spaces through the parenchyma to the wall of the lacteal, (Fig. 8).

VI.

—

Transfer of Fat Through the Parenchyma.

There have been various views put forward as to how the fat is car-
ried through the adenoid tissue. Von Basch* believes that the connective
tissue strands are channeled and that the fat proceeds through these open-
ings. As Heidenhainf has pointed out, such coarse strands of connective
tissue are not to be seen unless produced by shrinking and bad technique
so that Von Basch's theory has no basis of fact to support it. The con-
tention of ZawarykinJ that the leucocytes send out pseudopodia and take
the fat from the epithelial cells and later discharge it against the lacteal

wall cannot be substantiated. I have carefully examined many hundreds
of sections and have seen nothing which could be so interpreted. The
question now arises

: what part do the leucocytes take in the transfer of

*Sitzung9ber. der Wiener Akad., Math. Nat. CI, Vol. 62, p. 1, 1870.
fOp. cH.

JPfluger's Archiv, Vol. .31, p. 2.31, 1883.
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the parenchymatous fat? The answer to this question involves a deter-

mination of the part played by the leucocytes in the absorption of fat from

the intestinal contents.

If the leucocytes are wholly or to a large extent responsible for the

transfer of fat one would expect to see a vast increase in their number when

a guinea pig has been fed pure olive oil. Such an increase is not found.

When a guinea pig, ordinarily fed, is killed, the sections show about the

same number of leucocytes, at least their increase is not at all proportionate

if they are so necessary for the transference. It is true that the majority

of the leucocytes present are of the large lymphoid variety, but the same

is true when iron is being absorbed. Then when the adenoid tissue is laden

with fat one would expect to see every leucocyte in the central portions

of the parenchyma, at least, more or less filled with fat, w^hile those leu-

cocytes near the basement membrane, and the lacteal wall should show

many variations according as they were laden or uncharged with fat.

On the contrary no such variation can be demonstrated, and the centrally

placed cells contain no more fat than those near the chyle vessel or the

basement membrane, (Fig. 12). Moreover, when so much fat is to be

transferred one would expect to see these leucocytes discharging it near

or against the lacteal wall, but I have never been able to demonstrate

such a condition. Furthermore, if the leucocytes are so active in carrying

fat one would expect them to be laden with their burden in some direct

ratio to the abundance of fatty material. No such ratio exists. In some

sections these cells are surrounded with fat, yet the lymphoid cells con-

tain none (Fig. 8). Finally fat streams can be traced from the basement

membrane to the wall of the lacteal with no leucocytes inter\^ening (Fig.

11). As already remarked there are four kinds of leucocytes in the villus,

but one only is concerned in this, namely the epithelioid cell, for in the

guinea pig fat does not occur in the lymphocyte or the polymorphonuclear

cells (Figs. 2).

In the demonstration of the presence of fat one must not rely wholly

on the result given with osmic acid, for as Heidenhain has well said:

"Everything that stains black with osmic acid is not fat." In preparation

from guinea pigs fed on the ordinary diet, fixed with Flemming Fluid, and

stained with iron alum and eosin, dark granules are found in these large

lymphoid cells, which have the appearance of fat and for some time I con-

sidered them as such. Later I noticed that in similar specimens fixed with

absolute alcohol, and stained with hsemalum and eosin, these granules were

present and had the same dark or black appearance. Evidently then such

granules could not have been fat since the alcohol agent would dissolve

all the fat out of the sections. These granules were evidently particles
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of inorganic salts, probably iron, as Macallum has conclusively shown

that these cells pick up that element. One can, however, demonstrate that

they also contain fat. If preparations from animals fed with fat made

with Flemmings Fluid be placed in ether for twenty-four to thirty-six

hours, the granules, which before appeared deep black, become colourless,

having slowly dissolved in the fluid. Further, if the preparation is made

with ten per cent, formalin for twenty-four to forty-eight hours, and the

preparations sectioned with freezing microtome and stained with scarlet

red, for forty-five seconds the fat granules appear bright red. If, how-

ever, before staining they are placed in ether for twenty seconds the red

granules disappear, this showing that the cells do take up fat.

As already pointed out it was Zawarykin who first brought forward

the view that leucocytes were the sole means by which fat was taken up

from the intestinal contents. He claimed that after picking up the fat

they returned to the chyle vessels. Schafer,* while admitting that fat

droplets are present in the epithelial cells when the amount of fat in the

chyme is relatively large, holds that the leucocytes are under ordinary

conditions the only structures capable of taking fat from the lumen of

the bowel. He says too that "no fat particles are, as a rule, found between

the epithelium and the central lacteal, save such as are embedded in

lymphoid corpuscles." In the guinea pig at least, and, according to

Heidenhain, in puppies also, it is a rare thing to find a leucocyte of any

description either within or between the epithelium. As remarked, the

large lymphoid cell is the only leucocyte which picks up fat, and I have

never observed such a cell either within or between the epithelium, nor have

I ever seen such a cell in the central lacteal. I have on several occasions

seen a polymorphonuclear leucocyte in the epithelium with fat almost

surrounding it, yet containing none itself (Fig. 6). More frequently one

is able to see lymphocytes within the epithelium, but always free from

fat (Fig. 8). Leucocytes are present in numbers in the epithelium in

young kittens, but whether they take up fat I cannot say, since I have

not studied their action in this respect, but even if they do contain fat,

their number is altogether inadequate to accomplish ver\^ much, a fact

which tells against the view that they transfer fat through the parenchyma

to the lacteal. Schafer found that in spring frogs, which had been fed fat

the epithelial cells showed considerable fat, while November frogs showed

very little fat absorption, and then none was present in the epithelium,

the whole being taken up by the leucocytes. He concludes from these

experiments that under ordinary circumstances the leucoc}'tes take up all

the fat, while the epithelial cells act as storehouses when the fat is in

* Pflugers Arch. Vol. 37, p. 395, and Inter. Monatschr. fiir Anat. und Hist. Vol. 2, 1885, p. 6.
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excessive amount. The presence of fat within the cells of a spring frog

may be explained in an altogether different manner. If one kills such a

frog, fixes a portion of the intestine in lo per cent, formalin for twenty-

four to forty-eight hours, then places it in 5 per cent, chloral hydrate

over night, and afterwards in scarlet red solution en masse for another

eight to twelve hoiu-s, washing in water for a few seconds and teasing the

material in glycerine furnishes a preparation which is conclusive. The
whole epithelial cell is more or less filled with fat droplets like those found

in the epithelium of a fat-fed guinea pig. One never, however, sees the fat

in the nucleus or in the striated border in such an instance. The same

is true of a starving Necturus (Fig. 17). Moreover the presence of fat

droplets during the starving period is quite general as the c^'toplasm of the

liver cells is more or less filled with them while their nuclei give no evidence

of their presence. Fat is likewise abundant in the epithe ium of the

renal tubules.

From this it may be concluded that the fat which Schafer found in

the intestinal epithelium of the spring frog was, in great part, that which

is normally present under such conditions. I have not had an opportunity

of making observations on November frogs, but feel certain that if such

were fed olive oil there would be no difficulty whatever in demonstrating

fat in the epithelium. Schafer used lard in his investigation, which on

account of its comparatively high melting point is unsuited to cold blooded

animals. As I shall show further on, when winter frogs are fed olive oil for

several days it is possible to demonstrate minute fat drops in the striated

border (Fig. 16).

VII.

—

Passage op Fat Into the Lacteal.

Heidenhain offers no explanation as to how the fat goes through the

lacteal wall, but says that the fat does not attain a finely divided condi-

tion until it gets to the central chyle vessel. This is supported by my
own observations. That the fat does not necessarily remain as very

minute droplets is equally certain (Figs. 2 and 10) for one can frequently

see large globules forming in the lacteal from the minute fat droplets as they

have penetrated the wall. Fig. 8 illustrates the manner in which the fat

penetrates the lacteal wall. The representation is from the side of a

villus and one can see minute fat droplets on either side of the wall and in

some instances delicate streams of fat going through. In many cases

these minute droplets after entering coalesce into larger fat droplets or

spherules. It may then be concluded that the fat penetrates the lacteal

wall as very minute droplets of particles through numerous stomata in its

[224]



Wilson: On the Absorption of Fat in the Intestine. 15

surface, these latter being especially numerous at the tip. As to the forces

at work causing the fat to go towards the lacteal one can only offer con-

jectures as to their character. Weymouth Reid* has shown that the

epithelial cells of the intestine will absorb fluids when the osmotic pressure

is negative and the hydraulic pressure less upon the lumen side so that in

this case the vital activity of the cells must play the most important, if

not the whole part. Certainly osmotic pressure cannot have anything

to do with the transfer of fat through the lacteal since it depends for its

results upon the number of dissolved molecules which in this instance is

nil. The epithelial cells, by their contractions, can remove the fat from

within them into channels which communicate with the lacteal; the

contraction of the muscles about the chyle vessel which is supplied with a

valve at its base empties the lacteal and the resulting dilation causes a

relatively lower pressure so that the fat is forced to go in the direction

of least resistance, probably by the stimulus received from the epithelial

contraction. It is generally conceded that the proteid material normally

goes by way of the blood vessels, but when fed along with excess of fat

it frequently enters the chyle vessel with the fat. Fig. 11 shows that

physical condition cannot be overlooked in considering the causes of fat

transference.

Bruchf claimed to have demonstrated that the capillaries took up

fat. He described certain vessels as half filled with fat, the other half

showing the norm.al blood reaction. Heidenhain has criticized Bruch's

work and concludes that his technique was very faulty in that the whole

section showed up more or less black owing to the fixing agent not having

been washed out before placing in alcohol. I have never been able at any

time to satisfy myself that any fat ever entered the blood capillaries,

probably because, as Heidenhain suggests, the fat in the parenchyma is

not in a sufficiently divided condition to enter them. Fat, undoubtedly,

in other parts of the body, leaves the capillaries for the tissues, but it

must be as very minute particles indeed, and if it can leave the capillary

its passage in the opposite direction should not be an impossibility, but

from experiments upon the percentages of fat in the portal vessels as

compared with such vessels as the carotids and femorals the probability

of fat entering the capillaries of the villi is negative.

As to the part "supposed by some to be played by leucocytes as agents

in transferring fat to the lacteal it may be stated that in the guinea pig,

evidence of such an activity, except as a rare feature, cannot be found,

and in fact the presence of leucocytes within the lacteal is a rare occur-

* Phil. Trans. Roy. Soc, Vol. 192B. 1900, p. 211.

t Zeit. fur wiss. Zool.. Vol. 4, 1853, p. 288.
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rence, one having to examine many specimens before seeing an example,
such as is represented in Fig. ii. The leucocyte, which is of the poly-

morphonuclear variety is surrounded by fat, which forms a fine mesh-
work, and yet contains none itself. It is perfectly formed and shows no
signs whatever of disintegration. In all the preparations from the intes-

tine of the guinea pig I have not seen half a dozen leucocj^tes in the chyle

vessel, nor have I seen a leucocyte penetrating the wall, facts which should

tell against this view. I have, moreover, never seen large lymphoid leuco-

cytes in the lacteal,and these are the cells which, undoubtedly, pick up fat.

Then too the fewness of leucocytes relative to the amount of fat to be
transferred must always cast grave doubt as to the efficiency of their

action in this respect. Finally, as I have already pointed out, one can
frequently trace the fat as minute streams going through the parenchyma
into the central vessel, and this without the intervention of leucocytes of

any description. (Figs. 8 and lo).

VIII.

—

Fat in the Striated Border.

And now I come to the discussion of the most interesting part of my
investigation. With the exception of Kischensky, all observers are agreed

that fat has not been found in the striated border of the epithelium. From
an histological standpoint, this fact has been used as a proof that fat enters

the cells in some soluble form, for example, as a soap, and is later recon-

verted into a neutral fat through some action of the epithelium, all observ-

ers, further, regarding the fat present in the epithelium as in a neutral

condition. As to the fat in the intestinal cavity a great deal of attention

has been given to determine whether it is present as a soap or an emulsion,

but into a discussion of this question I do not propose to enter, and it

suffices to say that there is abundant experimental evidence to show that

both are present. In fact, to have a permanent emulsion, one must have
present an alkali and some free fatty acid or, in other words, a soap, and
as Heidenhain has pointed out, it is a common occurrence to see fat drop-

lets of various sizes lying in the lumen. Indeed, it was the presence of

such minute droplets in immediate contact with the striated border,

together with the view I had taken regarding the structure of the striae

as enunciated in the first part of this paper, that led me to think the fat

was taken up in some particulate form and not alone in solution.

In this connection, too, it is of interest to note that von Thanhofer*
described a to and fro movement of the striae in the duodenum of winter

frogs whose nerve roots had been severed. He claimed to have seen red

* Pfluger's Arch., Vol. 8, p. 406.
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blood corpuscles and desquamated epithelium carried along by this move-
ment and even saw fat droplets lashed into the interior of the epithelial

cells. These phenomena he watched for three quarters of an hour. He
could not, however, confirm these results upon spring and summer frogs,

but did so once more on winter frogs. Fortunatow*, likewise, on tw^o

occasions, claims to have seen a motion like that of cilia in the striae.

One asks why the same should not be observed in spring and summer frogs

and, with Heidenhain, what the cutting of the nerve roots has to do with

it, yet I think the view is not by any means so fantastical as later investi-

gators suppose. Schafer rejects it on the ground that small particles of

carmine are not picked up by the epithelium. The physical properties

of such particles are very diflFerent from those of very minute fat droplets

and consequently one should not expect to find the same result in both
cases. The occurrence of fat particles in the striated border as Kischen-

sky's and my own observations show can only he explained as a result of

the physical activity on the part of the striated border.

The most striking evidence regarding the occurrence of fat particles

in the striated border is to be found in preparations treated with scarlet

red, as described under Methods of Study.

When such sections are examined with an oil-im.mersion lens the

appearance found is like that represented in Fig. 13. Large and sm.all

drops are seen within the cells while very minute, but nevertheless, quite

distinct globules are seen in the striated border. Their distribution is

not uniform. In some parts of the specimen no such globules are present,

in others they are few, while other portions again show numerous beadlets,

such variations depending, doubtless, upon the different periods of activity

on the part of the cells. Often the globules are irregularly scattered

throughout the border, but one can frequently see rows of beadlets run-

ning parallel to the striae and occasionally a line of fat running the whole
length of the same and having the appearance of an elongated fat droplet.

Having satisfied myself that fat droplets could be demonstrated in the

striated border of guinea pigs I made observations, with the aid of scarlet

red, on the intestinal epithelium of frogs, cats, rabbits, dogs and Necturi

(lake lizards). The frogs and lizards were in the star\dng condition,

and the material obtained from them was placed in five per cent, chloral

hydrate solution over night and teased the next morning. There is

considerable variation in the striae in all these animals, that of the

rabbit being the coarsest, and in consequence best suited for demon-
strating the border fat. To the first rabbit I gave 20 c.c. olive

* Pfluger's Arch., Vol. 14, p. 288.
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oil without previously depriving it of food and killed it about

twenty hours later. A piece of the duodenum was put into five per cent,

chloral hydrate over night, then placed in the scarlet red solution

for about twelve hours, removed therefrom to water for a few seconds,

then teased in glycerine and mounted, and the edge of the slip being subse-

quentl}^ smeared with paraffin. The result was quite remarkable, (Fig. i8).

In some instances the droplets were irregularly scattered throughout the

border, in others they were arranged in beadlets running parallel with the

striae, in others again a string of beadlets is seen running transversely

to the plane of the bodies, and at the ver>' tips of the striae, as though

the beadlets were just entering the cell, while in still others the same

elongated form of the fat droplets, as described in the guinea pig, is evi-

dent. The same technique was carried out with the dog, kitten, frog

and Necturus and in each instance I was able to demonstrate fat particles

in the striated border (Figs. 13, 18 and 19).

The question naturally arises: Why cannot these fat particles be

demonstrated with osmic acid ? That it fails in paraffin sections I believe can

be accounted for by the slight solvent action of the alcohols used. While

it is true that alcohol is not an active solvent for fat since you can put

fat-fed specimens which have been fixed in formalin and cut with the

carbon dioxide freezing method into seventy per cent, alcohol for an hour,

then into ninety-five per cent, for fifteen minutes, all without any

appreciable difference in the fat reaction when afterwards stained with

scarlet red, yet when long continued it might readily affect that which is

most accessible. It must be borne in mind, also, that osmic acid is not as

delicate, or as sensitive a stain, for fat as scarlet red.

During the last few days of my investigation I directed my attention

to the demonstration of fat droplets in the border by means of osmic acid.

A rabbit was fed 2Ci c.c. olive oil, without being previously starved,

and killed three and a half hours later. Pieces of the duodenum were put

into five per cent, chloral hydrate over night and then into one per cent,

aqueous osmic acid solution and small portions teased out from time to

time in glycerine. The osmic acid penetrates very slowly under such cir-

cumstances so that not until about the fourth day do you get any marked

reaction. Fig. 2 1 shows the appearance of the cells after four da^'^s in the

osmic solution. Here too one can see fat beadlets in the striated border,

and when compared with Fig. 19 the similarity is striking.

From the above considerations it is evident that fat can be and is

absorbed in some particulate form. By means of scarlet red it is not
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possible to differentiate a neutral fat from one of the fatty acids since it

gives just as distinct a reaction with oleic and stearic acids as with neutral

fats. Consequently one cannot say positively whether the droplets are

fatty acids or neutral fat, although in all probability the latter. If, how-

ever, they are fatty acids, these are absorbed in particulate form and not

in solution. The conclusion arrived at, therefore, from the study of the

above results is that fat is taken up in particulate form by the striated

border, either as neutral fat, or fatty acid,—in short as an emulsion.

Both J. Munk* and Willf have shown that the organism, probably

the epithelial cells, can furnish the glycerine radicle necessary for the

synthesis of neutral fat from fatty acids so that it is immaterial as to the

ultimate result whether the fat is taken up in a neutral form or as a fatty

acid.

HofbauerJ performed certain experiments to show that fat was taken

up as an emulsion. Before feeding, the fat was stained with Alkanna

Roth or Lackroth A. These are insoluble in water, but soluble in alcohol.

On examination he found the fat in the villi stained. Pfiiiger, in criticiz-

ing Hofbauer's work points out that the stains used are soluble in bile,

glycerin and soap, so that the stain might readily be absorbed and colour

the fat afterwards. Hence one cannot draw any positive conclusions

from Hofbauer's researches. I repeated his experiments, using scarlet

red, which has one advantage over Hofbauer's stains in that it is insoluble

in glycerine. It is, however, soluble in soap solution. The fat in the

villi was found to be coloured red. Nevertheless, when taken in conjunc-

tion with the demonstration of fat in the border it is a fact in support of

the emulsion theory of fat absorption.

Henriques and Hansen^ conclude from their experiments that all fat

is absorbed as soap. They took equal parts paraffin and fat with a little

fatty acid and added an aqueous solution of sodium carbonate. There

results an emulsion in which the droplets contain an equal quantity of

fat and paraffin intimately mixed. On feeding this they found that most

of the fat was absorbed while the paraffin was in the excrement. Upon
superficial consideration this seems to be a very strong objection to the

emulsion theory. But what reason have they for supposing that their

made up emulsion remains intact until it reaches the duodenum? Milk

is an emulsion, but without being acted upon by the intestinal fluids

* Virchow's Axch., Vol. 80, p. 20 and Vol. 95, p. 431.

t Pflugei's Arch., Vol. 20, 1879, p. 255.

t Pfliiger's Arch., Vol. 81, p. 263, Vol. 84, p. 619 and Zeit. f. Klin. Med., Vol. 47, p. 477.

fCentralbl. f. Physiol., 1900, p. 313.
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would not be absorbed because the fat globules are not nearly minute

enough. Without the action of the intestine upon their artificial emulsion

neither would the fat be absorbed for the same reason. The very fact

that they conclude it is absorbed as soap admits of disintegration of their

emulsion so that their experiments are altogether negative, neither sup-

porting nor favouring the emulsion theory.

EXPLANATION OF PLATES.

In the various Figures ad, signifies adenoid tissue; b, blood capillary; c, a poly-

morphonuclear leucocyte; / and im, columns and masses of fat between epithelial cells;

fd, fat in lumen of lacteal; fl, fine streams of fat traversing wall of lacteal; fs, network

of fine lines of fat in wall of lacteal; ec, large lymphoid cells.

Figures i— 12 and 14.—From vilU of guinea-pigs fed with yolk and dialysed iron.

Flemming's Fluid, HaematoxyUn and Eosin.

Figures 3 and 8 are tangential sections of the epithelial cells of the villi.

Figure 13.—From villus of guinea-pig fed with yolk. Formalin ten per cent.,

four and a half days, Scarlet Red. Showing beadlets of fat in the striated border.

Figure 15.—From villus of guinea-pig fed with yolk, showing contents of

central lacteal with some fat droplets.

Figure 16.—Intestinal epithelial cells of frog fed with olive oil, isolated, showing

fat particles in striated border. Scarlet Red.

Figure 17.—Isolated epithelial cells of intestine of starving Necturus, showing

droplets of fat in cytoplasm, but none in striated border. Formalin, Scarlet Red.

Figure 18.—Isolated epithelial cells of the intestine of a Necturus fed with olive

oil, showing the distribution of fat in the striated border and in the cytoplasm. For-

malin, Scarlet Red.

Figure 19. Epithelium, isolated, from duodenal vilU of rabbit fed on olive oil,

showing beadlets of fat in the striated border and in the cytoplasm. FormaUn, Scarlet

Red.

Figure 20.—Isolated epithelial cells from the intestinal villi of a dog fed on oUve
oil, showing fat in the striated border as villus in the cytoplasm. Chloral hydrate,

Scarlet Red.

Figure 21.—Isolated epithelial cells of the intestinal villi of a rabbit fed on olive

oil and killed three and a half hours afterward. Osmic acid for twenty-four hours.
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THE DISTRIBUTION OF FAT, CHLORIDES, PHOSPHATES,
POTASSIUM AND IRON IN STRIATED MUSCLE.

By Maud L. Menten, B.A., M.B.

(Read ^oth January igog.)

Until comparatively recently definite knowledge concerning the

distribution of inorganic and organic compounds in muscle fibre had

been somewhat meagre. This is due, for the most part, to the fact that

many of the microchemical methods have been only lately introduced

into histological study; then, too, the small amounts in which these

substances, and the mineral salts especially, occur, and the minute

structure of striated muscle also render their demonstration difficult.

In the following pages are detailed a series of observations made
during the last two years on the microchemistry of muscle fibre, chiefly

of forms amongst the Insecta and Crustacea. These observations are,

unfortunately, not at, all as comprehensive as the author desired, but

they may prove of service to other investigators and they are now, in

consequence, put on record.

I

—

Previous Observations.

In 1899, Walbaum^ studying the muscle of rachitic children for

evidence of fatty degeneration, came to the conclusion that fat could

occur in the muscle tissue independent of any pathological condition.

In the latter part of his work not only did he find fat occurring in

muscle which was apparently normal, but he was also able to demon-

strate a more or less definite relation to the cross striation. This

latter was especially evident in the eye muscles, in which the size of

the fat droplet was proportional to the width of the striation. Using

Sudan III and Hsematoxylin staining Keinath^ found large

droplets of fat in proximity to the nuclei of the muscle, and fairly

constantly grouped about either of their poles. In the striated muscle

fibres of animals in almost every case fat arranged as droplets in longi-

tudinal rows between the fibrils was distinctly discernible and in the

muscles of the goat and dog the fibrils themselves contained fat in the

form of very fine granules but in varying numbers and sizes and with

no definite arrangement that could be recognized. In human muscle

which was normal, and in the pathological where the structure of the
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fibril was not destroyed, he obtained similar results, but in no case was

he able to discover that the. fat bore any relation whatever to the cross

striation.

Of the mineral constituents of the muscle, the only element whose

distribution has been studied microchemically is potassium. Macallum^

has shewn that the salts of this metal possess a definite arrangement

in the fibrils of uncontracted striated muscle, being limited to the

dim band in the wing muscles of insects and the claw muscles of the

crayfish but the potassium reaction was most marked in those zones of

the dim band which are adjacent to the light bands. In the contracted

fibril on the other hand he found that the most marked reaction for

potassium was given by the central zone of the dim band. When,

however, the penetration of the reagent (the hexa-nitrite of cobalt and

sodium) is tardy there occurs a redistribution of the potassium salts

in the fibres and in consequence the potassium demonstrated was some-

times in the light bands alone and sometimes along the line of separation

between two adjacent light and dim bands.

II

—

The Localization of the Fat.

To show the microchemical distribution of fat the reagent used

was Scarlet Red, a stain belonging to the Tetrazo Compounds. This

substance was introduced into microchemistry by Michaelis who
studied its composition and properties, and by whom it was classed

in the group of indifferent staining materials, which also includes Sudan

III. It is insoluble in water, alkalies and acids, with the exception of

concentrated sulphuric acid with which it gives a blue colour, soluble in

alcohol and is readily dissolved in the fats. Its action is very much
more extensive than osmic acid, which reacts only with unsaturated

fatty compounds, such as oleic acid and olein, yet it stains nothing but

the fats, whereas the osmic acid may be secondarily reduced by sub-

stances other than the oleic compounds, and the resulting black precip-

itate may represent more than the distribution of the fat.^ Michaelis

explains its action by the fact that it belongs to the indifferent sub-

stances, i.e , those possessing no salt-forming group and whose acid or

basic properties are so weak as to be practically negligible and, there-

fore, the staining process is a physical rather than a chemical one, but

that in order to be soluble in the fat the molecule of the staining

compound must have a characteristic chemical composition. This

latter statement seems to be borne out by the observation that palmitic

and stearic acid crystals stain with some difficulty by Scarlet Red and
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Sudan III at ordinary temperatures, but when either of these fats

is heated to the melting point in contact with the fat stain the whole
becomes a deep red. However on recrystallization on cooling the

majority of the crystals fail to retain their coloration. Mann^ does not

accept the physical explanation for the staining of the fatty materials,

and suggests that the process is rather one of oxidation.

The solution used was one prepared by dissolving the Scarlet Red
powder in 70 per cent, alcohol and allowing it to stand several days.

Fischer^ claims that a solution made with 70 per cent, alcohol at the

boiling point or leaving the solution in a parrafin oven for 24 hours,

produced better results in a much shorter period of time. However, in

my experiments the additional heating apparently had little effect in

accelerating the staining and both solutions required, comparatively

speaking, the same time to give like results.

Before using the solution all sediment should be removed by
filtration. Any excess of the stain may be washed off with distilled

w?.ter, as washing in alcohol, even if of a weak dilution, dissolves

out more or less of the fat, and it is, therefore, not to be recommended.
The muscle tissue; which was found most advantageous for these

microchemical investigations was that of insects, owing to the size

of the fibrils and their greater development. In many cases fresh

tissue was used while in other experiments the muscle was previously

fixed in 4 per cent, formaline or a 5 per cent, solution of chloral hydrate.

Previously to being placed in the Scarlet Red, the fibres must be
thoroughly separated so as to facilitate the penetration of the reagent

to every part. While a reaction obtains in ten to fifteen minutes it

appears only in the larger fat droplets or those most readily accessible

to the staining fluid and the best results, both in detail and distinctness,

were obtained by leaving the tissue in the solution for five days. When
allowed to remain longer than this in the staining fluid no further

trace of fat was revealed, and apparently the reaction was not in any
way increased.

When muscle fibres treated according to the methods outlined

above are examined microscopically the fibrils are seen to be trans-

versely marked by bright red bands, occurring at regular intervals

throughout the entire length of the fibre, and under a high magnifi-

cation these striations are found to be beaded or made up of fine

granules, which here and there have coalesced to form small globules.

These strire lie in the dim band, one being along Hensen's line, across
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the centre of the dim band and another on either side of this at its

upper and lower borders. In some case Hensen's line appears as an

exceedingly fine faintly colored thread (Fig. 3) and as the particles

which compose it are often so fine as to be only discernible in the

ultramicroscope, some conception may be had of their minute size.

In many cases, however, the line appears equal in width to those on

either side of it (Figs. 4 and 5).

That this substance is undoubtedly fat is shewn by the fact that

the fat solvents readily remove it from the fibres and if these are

employed previously to the staining of the tissue with the Scarlet

Red either no indication of the reaction appears, or one of very

much lessened intensity depending on the time the solvent has been

in contact with, and how readily it has penetrated the muscle fibres.

For the purpose of demonstrating this, muscle previously fixed in

formol was treated first with 70 per cent, alcohol for four hpurs then with

absolute alcohol for twelve to twenty-four hours and finally with ether

for from twenty-four hours to one week. The preparations were

afterwards repeatedly washed with alcohol until every trace of ether was

removed from them. Subsequent treatment with Scarlet Red fails to

reveal any trace of a colored striation if the tissue has been suffi-

ciently teased to allow a complete penetration of the ether.

Where the tissue has not been thoroughly separated, although the

muscle has remained in the ether for several days, the fat is not com-

pletely dissolved out and the fibrils give on treatment with Scarlet Red

a reaction characteristic in its distribution but of a much fainter colour.

The final extraction of the fat occurring normally in the muscular tissue,

is as Bogdanow^ has shewn very difficult to obtain. He found that

even after repeated extractions in a Sohxlet apparatus with ether

he could obtain a reaction with osmic acid in the muscle fibre.

When the myoplasm surrounding the fibril has not been removed

by the teasing, it stains a deep homogeneous reddish orange (Fig. 2)

which apparently indicates a diffuse distribution of the fat in that

structure.

The distribution of the fat is not constant in any one part of

the fibre alone. Most frequently it appears in the dim band, but it

may occur only in the light band, and, occasionally, simultaneously

in both. This variation seems to be intimately connected with the

activity of the muscle, i.e., whether the muscle is in the resting or

contracting stage.
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In the majority of the preparations studied the reaction is confined

to the dim band, which is marked by regularly occurring longitudinal

lines of a beaded character (Figs. 7 and 8). The droplets are usually

of uniform size and depth of colour, and in some instances they form

a continuous and unbroken line throughout the length of the dim

band (Fig. 8) while in others there is a tendency for the fat to be

aggregated in the outer zones of the dim band, leaving a narrow

space immediately in the centre of the band, which is absolutely

free from any trace of the scarlet stain (Fig. 7). This massing of

the fat towards the poles of the dim band may advance yet farther until

the fat appears at the extreme edges of the dim band with occasional

faintly colored droplets in the central part (Fig. 8).

Frequently, however, the fat is wholly limited to the light band

(Fig. 10). An approximation to this condition is shewn in Fig. 9
where the greater part of the fatty material lies in the outer thirds

of the light band, but an occasional trace is also visible in the dim
band. The striated character of the reaction is to be observed in

the fat occurring in the light as well as in the dim band. The granules

are visible in both cases and they always occur in longitudinal lines.

Among those fibrils which had been subjected to treatment with Scarlet

Red for five or more days occasionally was to be seen a result as

represented in Fig. 11, where a granular longitudinal striation appeared

in the light band, and an additional thin line of fainter colour, occurred in

the dim band marking the position of Hensen's line. The longitudinal

granular character which is so distinctly marked in the dim band is

maintained in the reaction along Hensen's line. In the centre of

the light band, extending horizontally across it, along Dobie's line, is a

narrow space devoid of any coloration.

A clue to the explanation of these diverse pictures of the distribution

of the fat is obtained from those fibres which have been fixed while

a wave of contraction was passing over them (Fig. 12). In the lower

contracted part of the fibril the fat lies wholly in the dim band,

the centre of which is devoid of any reaction in contrast with the deeply

stained red granules, regularly arranged in longitudinal lines in the

zone on either side of this. In the upper part, where the fibre is uncon-

tracted the dim bands shew only a diffuse reaction pale in colour with

the fat in granules arranged along the borders adjacent to the light bands.

The assumption, therefore, is that Fig. 7 represents the distribution of the

fats in complete relaxation and Fig. 1 1 that of complete contraction, and
the various intermediate stages are indicated in Figs. 8, 9, and 10.
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Results quite similar to those obtained with Scarlet Red were

obtained also with another fat staining reagent. J. Lorrain Smith ^

after a somewhat extensive study of the action of the different basic

dyes, including Methyl Violet, on fatty acids and numerous fatty

compounds, concluded that the reaction between the fat and the dye

which he obtained was due to the formation of a colored soap. In

that case Methyl Violet should demonstrate in muscle tissue the same

distribution of fat as was observed when Scarlet Red was used and

to test this a number of experimental observations were made. Part of

the muscle tissue, which had been previously fixed in 4 per cent, forma-

lin or 5 per cent, chloral hydrate solution, and from which fibres treated

with Scarlet Red gave characteristic results as described in the fore-

going pages, was stained in Methyl Violet. The result was in every

way comparable to that obtained with the Scarlet Red except that in

these latter experiments the fats were colored violet instead of red.

When tissue fixed in absolute alcohol was used, if the fibres were

thoroughly separated a very faintly colored reaction resulted.

It was further, found that if the fibres were left in ether for several

days, (using a technique in every way similar to that already mentioned

in the Scarlet Red experiments with ether extraction) and then stained

with the Methyl Violet, the fibrils where they had been sufficiently

separated by teasing, shewed a pale mauve colour, barely perceptible

in the striations. The Methyl Violet undoubtedly stained a substance

with a distribution analogous to that which gave a reaction with the

Scarlet Red and which further was soluble both in alcohol and ether.

Whether other constituents of the muscle fibre which are soluble in

ether stain with Methyl Violet cannot at present be determined. One

compound, creatin, present in the dim bands is soluble in water and

alcohol but is not soluble in ether and therefore it does not play a part

in the fixation of the dye.^*^

That Methyl Violet does stain fats very deeply was shown in

the case of lecithin. When glass slides were smeared with a thin

film of this fat, treatment for a few minutes with a solution of the

dye gave an intensely deep violet coloration. When similar films

were treated with solutions of Scarlet Red the resulting red stain

was equally intense. With other fats, e.g., olive oil, the reactions were

similar and as pronounced.
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III

—

The Localization and the Distribution of the

Chlorides.

In the various analyses of the inorganic constituents of muscle

from different animals there is shewn a marked variability in the

amount of the chlorides. This chloride content is especially high

in the invertebrates and Henke^^ found on estimation of that mineral

in Octopus as much as 2.7977 grams in 100 parts of the dried muscle.

It is remarkable, too, that in the table of percentages, which Katz^^ gives

as the result of his analyses of various muscle tissues, the quantitative

amount of chlorides in inv^ertebrate muscle is so much greater than

that in the muscle of the vertebrates.

The salt water shell-fish, examined by him gave 1.2477 P^^ cent, of

chlorine (dried muscle) in comparison with 0.0935 P^^ cent, and 0.3415

per cent, which represent respectively the minimal and maximal

amounts obtained from the vertebrate muscle. This excess cannot

be explained wholly by the fact that chlorine forms one of the pre-

ponderating elements in the medium in which they live, for if so, a

similarly high percentage would be found but was not observed in

the muscle of the marine fishes, which he analyzed.

In all estimations of the chlorine content of muscle it is a question

whether any or all of the chlorine found is localized in the fibre,

that is, within its sarcolemma and if within the fibre in what portions of

each fibril. The observations now detailed bear on the latter part

of this problem.

The method of studying the distribution of the chlorine of chlor-

ides was the same as that already used by Macallum' and Menten,^^ to

shew the distribution of the chlorides in the nerve fibre, and a detailed

description of the method appeared in the account of that work. The

reagent used was a decinormal solution of silver nitrate, to which

was added enough of nitric acid to give the reagent 1.5 per cent, of the

acid. The reagent must be prepared with water free from any trace of

chlorides, and the tissue should be teased with glass or quill points

to preclude the possibility of any contamination with the same im-

purity.

To obtain good results the fibrils must be completely separated as

the reagent penetrates the tissue comparatively slowly when in a mass.

The best preparations were obtained after an immersion in the nitrate
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solution for three days, but usually a few hours sufficed to give forms

showing typical distributions.

When sufficiently acted upon by the reagent the muscle fibres

were mounted directly on a slide in 50 per cent, glycerine, and placed in

direct sunlight for several hours. Teased out thorax muscle fibre of

insects which has been for four or five days in contact with a solution of

the silver nitrate containing nitric acid, and then exposed to the

sunlight, shews the fibrils marked by a transverse striation similar to that

obtained in the preparations demonstrating the distribution of the

fat. The striae are granular, of a deep brown colour and they occur at

regular intervals throughout the entire length of the fibre (Fig. 16). In

addition to the deeply colored brown precipitate a diffuse reaction is

frequently noticed in the light bands, perhaps in part due to a more

rapid penetration of the nitric acid, and a consequent slight redistribu-

tion of the chlorides.

That the chlorides are not limited to the peripheral layers of the

fibre, but extend in horizontal planes across it, may occasionally be

observed in favourable preparations (Fig. 18). The granular character

of the precipitate is distinctly recognizable, individual granules being

readily discernible. On careful examination the division into dim and

light bands is easily distinguished, and the chlorides are seen to be

localized in the dim bands. At its upper and lower edges near the

junction with the light bands. The reaction in this part of the fibril is

very intense, and on prolonged treatment with silver nitrate a third

striation frequently appears also in the dim band, but this is .of a much

fainter colour. This additional striation lies exactly in the centre of the

band, marking the position of Hensen's line (Fig. 17).

Although the muscle tissue, unless in a finely divided condition, is

very slowly penetrated by the reagent the reaction may occasionally be

observed in a considerable number of contiguous fibres, which have not

been separated and in these cases the striae appear as discs extending

horizontally across several fibres (Fig. 19).

The distribution of the chlorides in the dim band, however, is more

readily demonstrated in the wing muscles. The whole fibre is marked

by many longitudinal striae (Fig. 20) lying along definite straight lines

and parallel to one another. At the first glance, it appears as if these

regularly distributed, deep brown lines were continuous throughout the

entire length of the fibre, but a careful examination reveals the fact
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that there is an interruption in the light band which rarely contains any

of the darkened sub-chloride of silver. Each stria is composed of fine

granules, which are the colored particles.

The chlorides, however, are not always confined to the dim band,

and although amongst the preparations studied, this seemed to be the

distribution, which most frequently obtained, the reverse picture is

often met with, the chlorides being aggregated at the junction of the light

and dim bands, while the dim band itself appears comparatively free from

any reaction. In Fig. 22, for example, the silver salts are shown massed

along the upper and lower border lines of the light band, and only

a few scattered granules of a faint colour appear to lie in the dim band.

Fig. 21 represents the chlorides occurring simultaneously in both the

light and dim elements of the muscle fibre, and while the greater part

of this inorganic material appears in regularly distributed vertical lines

in the dim band, frequently these lines are continued into the light

band.

Since the reaction may be well marked on the borders of the

light band and the dim band be devoid of any coloration, and vice

versa, the result can hardly be due to a redistribution caused by the

advance of the penetrant acid being more rapid than that of the silver

nitrate for in these cases a diffuse reaction also occurs. Hence it is

inferred that there is an alteration or rearrangement in the disposition

of these salts, which has some definite relation to the activity of the

muscle.

It can scarcely be doubted but that these various striations

represent the arrangement of the chlorides as they obtain in the living

muscle. It is true that striae may result (as in the Boehm-Liesegang

phenomena) from a uniform distribution of inorganic salts in solutions

of definite consistency as has been experimentally shewn by treating

mixtures of albumen and of gelatine in glass tubes or plates with

certain silver salts and then exposing the preparations to the sunlight.

In these cases, however, the striae and the interstriate zones are of

varying widths, being wider and less sharply defined as the reaction

progresses in the direction of the line of diffusion ; also the depth of the

reaction in each gradually decreases from the central point peripherally.

In the muscle, on the other hand, the tone of reaction throughout

the individual fibres is constant and the striations are sharply defined.

When variations in the width of the striae do occur they may be

explained as due to the differences in the width of the dim bands.
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The distribution of the chlorides in striated muscle, therefore, as

evidenced in the preparations obtained may occur either in the dim

band chiefly, or alone, or in the light and dim band, the distribution

depending, apparently, upon the phase of activity existing in the fibril

at the moment of fixation.

IV

—

The Localization and the Distribution of the

Potassium

An exceedingly sensitive reagent to shew minute traces of potas-

sium was introduced into microchemistry by Macallum ^* in his work on

the distribution of that element in plant and animal tissue. This

compound, the hexanitrite of cobalt and sodium, Co Nag (No2)6, with

even a minute quantity of potassium either free or in combination gives

an orange-yellow precipitate, which is rendered more evident by adding

ammonium sulphide, after the tissue has been washed from every trace

of the uncombined cobalt salt. The resulting black sulphide indicates

the distribution of the potassium. The method of preparing the

reagent employed was the same as that used by the above mentioned

author, and full details are given in the account of his work. It is

prepared by dissolving twenty grammes of cobalt nitrite and thirty-five

grammes of sodium nitrite in seventy-five c.c. of water containing ten

c.c. of glaciol acetic acid. The solution was then diluted to lOO c.c.

In the early part of the work the reagent used was of this composition,

but owing to its somewhat slow penetrability into the muscle fibrils,

better results were subsequently obtained with a solution diluted with a

third or one-half of a fifty per cent, solution of sodium nitrite. Care

was taken that every trace of the uncombined cobalt reagent was

removed from the tissue before it was treated with the ammonium
sulphide, as otherwise a reaction would take place between the uncom-

bined cobalt salt and the sulphide, thus giving a black precipitate. The
preparations were mounted in fifty per cent, glycerine.

From the various analyses of striated muscle, potassium forms one

of the predominating elements amongst the inorganic constituents and

because of this preponderance the tissue readily lends itself to micro-

chemical investigation of this metal, which gives most distinct and

characteristic results. Macallum has already shewn that these salts are

definitely distributed in muscle. The same author has also pointed out

that the cobalt reagent gives with creatin a constituent of vertebrate

muscle, a precipitate similar to that obtained with the potassium salts.
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To obviate the difficulty arising from this fact all the experiments here

detailed were carried out upon insect muscle, which is free from that

compound or possesses it only in infinitesimal quantities. The

reaction in the tissue is in all cases immediate, the maximum result

being obtained in 3 to 5 minutes. Leaving the muscle fibres in contact

with the reagent for a longer period of time in no case intensified or

enhanced the results.

The tissue must be fresh and thoroughly teased-out, and for this

purpose glass points or quills were used. The teased-out material,

without further treatment, was then placed in the cobalt solution for five

to fifteen minutes, washed thoroughly in ice-cold water, and mounted on

a slide in equal parts of glycerine and concentrated ammonium sulphide.

The wing muscles of insects shew the distribution of this salt in a

remarkable manner and throughout a marked resemblance is observed

to the results obtained with the reagents for the chlorides and fats.

The potassium as in the case of the two above mentioned muscle

constituents may be restricted to either the dim or to the light band, or

it may occur simultaneously in both. When the dim band alone is

affected a longitudinal striation is more or less clearly marked (Figs. 24-

25) and this may possess a granular appearance extending continuously

through the dim band (Fig. 25) or it may be limited to the two zones

forming the upper and lower third of this band while the central third is

comparatively free (Fig. 26). The striations when restricted to these

latter situations, i.e., the upper and lower thirds of the dim band, do

not possess a granular character, or if so, it is difficult to distinguish.

In Fig. 24 a marked condensation of the potassium is evidenced

along the extreme border line of the dim band, and also midway

between these, along Hensen's line.

When the potassium is localized in the light band apparently^ it

may occur in the longitudinal striation, an example of which is repre-

sented in Fig. 28, or it may be irregularly disposed (Fig. 30) without

any trace of striation. An approximation to the restriction of this

inorganic material to the border of the light band is occasionally met

with (Fig. 27) where, many of the striations are confined entirely to this

part of the fibre. Such preparations afford conclusive evidence of the

change in position of the inorganic constituents. That this redistri-

bution is intimately connected with the activity of the muscle seems

apparent from such fibres, as those represented in Fig. 31, where a wave

of contraction is advancing upward over the muscle. In the lower part
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of the figure the potassium is isolated in the dim band, in the upper

contracted part it occurs in the vicinity of the light band and between

the two extremes the intermediate grades are obtained.

As already mentioned a comparison of the distribution of the

chlorine of chlorides with that of potassium in muscle reveals a remark-

able similarity in the disposition of the two, hence the inference that in

striated muscle they possess an analogous distribution.

Also to be noted is the ease with which the fibril may be broken

across at the light band, when it is free from any reaction. This

structure may become so reduced in size as to be scarcely discernible

except where the fibrils have become divided transversely (Fig. 25)

through pressure on the cover glass.

V

—

The Distribution of the Phosphates.

If fresh tissue, after having been thoroughly teased, be left in a

decinormal solution of silver nitrate, the phosphates, chlorides and some

other constituents of muscle which unite to form insoluble compounds

with silver are precipitated, and in the sunlight these compounds are

reduced, and assume a deep brown colour. The reagent should be

prepared from distilled water free from any chemical impurity and'

every precaution should be observed to prevent the tissue becoming

chemically contaminated. In these experiments as in those demon-

strating the chlorides and potassium only glass or quill points should be

used for teasing purposes. A characteristic reaction is obtained when

the fibres have been in the reagent about three days, after which the

tissue is then mounted in 50 per cent, glycerine and exposed to the

action of direct sunlight.

The compounds in muscle fibre other than the chlorides and

phosphates which unite with silver to give " reduced " silver products in

sunlight, are probably present only in infinitesimal quantities and thus

when the reagent is allowed to act on muscle fibre in the manner

described the result is due to " reduced " silver phosphate and chloride.

If the preparations before exposure to sunlight are treated with dilute

nitric acid the " reduced " phosphate does not appear subsequently.

Consequently, by comparing preparations made to show the chlorides

alone with those treated with nitrate of silver but not with dilute nitric

acid, one is enabled to determine, not strictly and definitely, but on the

whole approximately, the distribution of the phosphates. By compar-



1908-9.] MiCROCHEMISTRY OF STRIATED MuSCLE. 1

5

ing Figs. 32-38, which illustrate the phosphate reaction, with Figs. 16-22

which represent the distribution of the chlorides, one may determine

what the localization of the phosphates is.

Next to potassium the phosphates are the most abundant inorganic

constituents of striated muscle. Consequently the microchemical deter-

mination of their distribution is important. Invariably results analogous

to those obtained in the chloride and potassium investigations, show the

distribution of the phosphates to be the same as in the case of the

chlorides and potassium salts. A most clearly marked precipitate

possessing a granular character occurs along the edges of the dim bands,

and a more faintly colored reaction at the central part indicates

Hensen's line (Fig. 34). This represents a typical distribution and

when, as in Fig. 33, the phosphates seem to occupy the whole light

band, it is to be explained by the fact that this structure has become so

narrowed that its appearance is obliterated by the juxtaposition of the

lines of the precipitate which really occur in the edges of the dim band.

The disposition of the phosphates in the wing muscle, too, bears a

striking resemblance to that already demonstrated in the case of the

chlorides and the potassium. Comparing Fig. 28 with Fig. 37, which

respectively represent the distribution of the potassium and the phos-

phates on the borders of the light band, one sees the same localization

obtaining in both, and further in Fig. 22, which represents the distribu.

tion of the chlorides there is an approximation to the same condition.

A comparison of Figs. 21 and 35 likewise reveals an analogous

disposition of the chlorides and phosphates in the dim band, and the

potassium shews a strikingly similar arrangement in Fig. 25.

Occasionally in the wing muscle fibres there is a tendency which is

also met with in the potassium preparations, towards an irregular

distribution of these salts in the light band. This departure from a

regular arrangement of these inorganic constituents has been observed

only in this part of the fibril, never in the dim band where the precipi-

tate always possesses a distinctly longitudinal striation, and usually

a definite granular character.

From the foregoing observations it is apparent that the chlorides,

the phosphates and the potassium have an analogous distribution and it

is justifiable, therefore, to conclude that the definitely localized arrange-

ment displayed by all of them is associated in some way with activity

of the muscle.
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VI—The Iron in Muscle Fibre.

For the demonstration of iron in the muscle fibres the reagent

employed was haematoxylin, which has been shewn by Macallum to be

a very sensitive one to determine the presence of iron in an inorganic

combination. When inorganic compounds are treated with a 0.5 per

cent, aqueous solution of haematoxylin the iron is represented by a blue-

black reaction, but if the iron, is present in the organic form no change

in colour occurs. This latter may be converted into the inorganic form

by the action of acid alcohol and when this is treated with the

haematoxylin it gives the blue-black reaction above referred to. The

acid alcohol used for this purpose was one containing four volumes of

concentrated sulphuric acid in 100 parts of absolute alcohol in which

the tissue was left for at least fifteeen hours at a temperature of 35° C.

This tissue was previously fixed in a/our per cent, solution of formaline

and, after all the formaline was removed by washing thoroughly in

alcohol, was transferred to the sulphuric acid alcohol in which the

preparation remained for fifteen to twenty-four hours at 35° C. All

traces of the acid were then remov^ed by washing with absolute alcohol

and the fibrils finally stained in the haematoxylin solution for thirty

minutes. They were then mounted in 50 per cent, glycerine.

Using the aqueous haematoxylin alone on the fresh muscle tissue

or on that previously fixed in alcohol or formaline there appeared in the

fibrils only a slight yellowish brown coloration with a somewhat deeper

colour in the narrow light band. The nuclei were stained a like diffuse

yellow colour but with extremely fine darker granules scattered

throughout (Fig. 13;.

Apparently the muscle fibril and the nucleus contain, if any, onlj'

an infinitesimal amount of inorganic iron. When the muscle has been

treated with the acid alcohol and then subjected to staining with

aqueous haematoxylin solution a general, diffuse, faint purplish tone

obtains in the dim bands, with more deeply stained, extremely fine

granules irregularly distributed through them and what occupies the

position of the narrow light band presents a very deep purplish colour

(P'ig. 14). In the nuclei the reaction is most intense especially along

the chromatin threads (Fig. 15). When the myoplasm in which the

fibril is embedded is not removed by the teasing, it takes a deep purple

colour, equal in intensity to that obtaining in the light band, and the
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reaction manifested in the latter indicates a diffuse distribution of

the organic compounds of iron in that structure.

Since the depth of colour in vicinity of the light band approaches in

intensity that in the chromatin threads, it is inferred that the amount of

organic iron in this locality is a little less than in the chromatin. Since,

however, the material used for this purpose was rather limited in

quantity it is perhaps best not to insist too much on an interpretation

of the phenomena observed.

In conclusion I wish to express my sincere thanks to Professor A.

B. Macallum, for suggesting the subject of this research, and for his

supervision throughout the course of the investigations.
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EXPLANATION OF FIGURES ILLUSTRATING THE
MICROCHEMISTRY OF STRIATED MUSCLE.

Fig-. I.—Thorax muscle,— Bee, fixed in 4 per cent, formalin and stained in

hsematoxylin and eoxin. The more deeply stained sheaths enclosing portions of the

fibrils and fragments of the adherent myoplasm x 1000.

Figs. 2—6.—Thorax muscle,—Bee fixed in 4 per cent, formalin and stained

in Scarlet Red, 10 to 15 minutes. In Fig. 2, the part of the fibre stained orange

represents the myoplasm x 1000.

Fig; 7.—Wing muscle, Tenehrio obscurus. Fixed in 2 per cent, formalin stained

with Scarlet Red, lo minutes x 1000.

Fig. 8.—Wing muscle, Tenebrio obscurus. Fixed in 2 per cent, formalin and

treated with Scarlet Red, 75 hours, shew-ing the fat confined to the dim band

X 1000.

Fig. 9— 10—Wing muscle, Tenebrio niolitor. Fixed in 2 per cent, formalin and

stained with Scarlet Red, 75 hours. In both the fat occurs chiefly in the light bands

X 1000.

Fig. II. —Wing muscle, Tenebrio niolitor. Fixed in 2 per cent, formalin, stained

with Scarlet Red, 125 hours. A deep reaction obtains in the light band, but the

central zone, which marks the position of Dobie's Line is free from fat. In the dim

band a faint reaction occurs along Hensen's Line x 1000,

Fig. 12.—Wing muscle, Tenebrio obscurus. Fixed in 2 per cent, formalin and

stained in Scarlet Red, 125 hours, shewing a fibre parti}' relaxed and partly con-

tracted X 1000.

Fig. 13.—Thorax muscle, Bee. Fixed in 4 per cent, formalin, stained with 2

per cent, aqueous hsematoxylin, 36 hours, x 1000.

Fig. 14.—Thorax muscle, Bee. Fixed in 4 per cent, formalin and treated with

absolute alcohol, and then sulphuric acid alcohol, 24 hours, stained with 2 per cent,

aqueous h^ematoxylin x 1000.

Fig. 15.—Preparations of same shewing the reaction for organic iron which obtains

in the nuclei x 1000.

N
Fig. 16.—Muscle, Lachnosterna fusca. — AgNOj+i-S per cent. HNO3, 48 hours,

X 1000. '°

N
Fig. 17.—Muscle, Wasp. — AgN03-i-i.5 per cent. HNO3, 5 days. The faintly

10

marked reaction represents Hensen's Line x 1335.

N
Fig. 18.—Muscle, Lachnosterna fusca. — AgNOj + i.s per cent. HNO3, 48 hours,

10

showing the distribution of the chlorides extending in horizontal plane across the fibre

X 1000.
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N
Fig. 19.—Muscle, Lachnostema fusca. — Ag-NO.; + r.5 per cent. HNO3, 48 hours

X 1000. '°

N
Fig. 20.—Wing Muscle of Calosoma Scrutator. — AgNO.. + 1.5 per cent. HNO.,, 5

days X 1000. '°

N
Fig. 21.—Wing Muscle, Wasp. — AgN03+i.5 per cent. HNO3, 5 days x 1000.

to

N
Fig. 22.—Wing Muscle, Wasp. — AgNO„ + i.s per cent. HNO„, 18 hours, shevv-

10

ing the distribution of the chlorides at the extreme edge of the dim band, and at the

border of the light band x 1000.

Figs. 23-31.—Preparations treated with cobalt solution, Co Na, (NOo)o) &nd am-

monium sulphide.

Fig. 23.—Wing Muscle, Ttnebrio niolitor. Cobalt solution 67 parts + 50 per cent,

sodium nitrate solution, 33 parts, 5 minutes x 1000.

Fig. 24.— Wing Muscle, Calosoma Scrtttator. Cobalt solution 50 parts + 50 per cent,

sodium nitrite solution 50 parts, 2 hours, shewing an aggregation of potassium at the

border of the dim band, and along Hensen's line x 1000.

Fig. 25.—Wing Muscle, Tenebrio Obsciiriis. Cobalt solution 67 parts + 50 per cent,

solution of sodium nitrite, 33 parts, 5 minutes. The light band in this preparation is so

narrowed as to be practically indistinguishable except when the fibres break at this

point X 1000.

Fig. 26.—Wing Muscle, Aeschna. Cobalt solution 50 parts + 50 per cent, sodium

nitrite, 50 parts, 2 hours. Central zone of the dim band free from potassium holding

material. Light band also shews no reaction x 1000.

Fig. 27.—Muscle Fibre, Calosoma Scrutator. Cobalt solution 50 parts + 50 per

cent, sodium nitrite, 50 parts, 2 hours x 1000. Central third of dim band free from

potassium.

Fig 28.—Wing Muscle, Tenebrio molitor. Cobalt; solution, 50 parts -f 50 per cent,

sodium nitrite, 50 parts, 5 minutes. Shewing the localization of potassium at the junc-

tions of the light and dim bands x 1000.

Fig. 29.—Wing Muscle, Tenebrio molitor. Cobalt solution, 15 hours. Reaction ob-

taining only on the borders of the light band x 1000.

Fig. 30.—Wing Muscle, Tenebrio. Cobalt solution, 15 hours. The distribution of

the potassium wholly in the light band x 1000.

^'g'- 3i-—Wing Muscle, Tenebrio. Cobalt solution 50 parts + 50 per cent, solution

of sodium nitrite, 50 parts, 5 minutes. Shewing a fibre as a wave of contraction is

passing over it x 400.

N
Figs. 32-38.—Preparations treated with — AgNOj.
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N
Fig. ;^2.—Muscle, Lachnosterna ftisca. — AgNO,, 40 hours x 1000.

10

N
F'Rf- 33.—Thorax Muscle, Bee. — AgNO„, 5 days x 1000.

10

N
Fig. 34.—Thorax Muscle, Bee. — AgNO,, 5 days x 1000.

10

N
Fig. 35.—Wing Muscle, Wasp. — AgNO,, 18 hours x 1000.

10

-N
Fig. 36. —Wing Muscle, Calosoma. — AgNOg, 60 hours x 1000. Phosphates, dis-

10

tributed in the borders of the dim band adjacent to the light bands x 1000.

N
F'&- 37.—Wing Muscle, Desmoceros palltattis. — AgNO,, 4 months x 1000.

10

N
¥\^. ^'&.—W\n§ MnscXe, Btnaais grisea. — AgNO,, 10 days x 1000.

10
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Introduction.

The investigations of the structure, composition and func-

tions of animal and vegetable cells which have been made
during the last eighty years have produced a body of know-
ledge which, considered from all points of view, is an imposing
science and one that gives us a deep insight into the problems
of the organic world. Its achievements in the way of widen-
ing our understanding of the processes of nature are far

beyond what the workers in this field of fifty years ago dared
to imagine as possible, and the result to-day is a worthy
memorial of the intense enthusiasm of the scientific spirit

which has been so extraordinary a factor in the progress of

the last sixty years.

This body of knowledge, this lore of the organic world,

is still, with all its achievements, an unsymmetrically developed
science. Though all the interest of it ultimately lies in the

problems it presents, it is chiefly, nay, almost wholly, con-

cerned with the structural or morphological side of living

matter, while of its functional phenomena our knowledge
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is only of the most general kind. The reason for this is not

far to seek. What little we know of the functional side of

the living cell, as, for example, of cellular secretion, absorp-

tion and nutrition, has only to a very limited extent been

the outcome of observations directed to that end. It is

indeed, in very great part, the result of all the inferences

and generalizations drawn from the data of morphological

research. The fact that it has been so obtained does not

make it the less valuable or the less certain, but, simply be-

cause of its source and the method by which we have gained

it, it is of a fragmentary character and, accordingly, less

satisfactory in our estimation than if it were an achievement

of direct observation.

This limitation of our knowledge has affected, or, to ex-

press it more explicitly, has fashioned our concept of living

matter. When we think of the cell it is conceived as a mor-

phological element almost exclusively. The functional aspect

is not indeed ignored, but we know little about it, and we
veil our ignorance by classing its manifestations as "vital

phenomena".
Progress, indeed, there has been from the biochemical side

in the last twenty years and more particularly in the last ten.

We know much concerning ferment or catalytic action, and

we have gained considerable knowledge concerning the

physical and chemical properties of colloids. Further, we
have obtained some insight into the constitution of proteins,

and, in consequence, we are in a position to understand a

little more clearly, though not fully, what happens in them
when, on their decomposition in the cell, they produce the

waste products, urea and other metabolites. Moreover,

fats can be formed in the laboratory from glycerine and fatty

acids, a large number of which have been synthesized, and
a very large majority of the sugars of the aldohexose type

have been built up from simpler compounds. Results like

these indicate that some of the products of the activity of

animal and vegetable cells may be paralleled in the laboratory,

but that is as far as the resemblance extends. The methods
of the laboratory are not yet those of nature. In the formation

of carbohydrates the chlorophyll-holding cell makes use of

processes of the most speedy and effective character, but

nothing of these is known to us except that they are quite

unlike the processes which the laboratory employs in the
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artificial synthesis of carbohydrates. Nature works unerr-

ingly, unfalteringly, with an amazing economy of material

and energy, while "our laboratory syntheses are but round-
about ways to the sink".

In consequence, it is customary to regard living matter
as unique, as a thing apart, without an analogue or parallel

in the inorganic world, and the secrets involved in its actions

and activities as insoluble enigmas. Influenced by this view,

there are those who postulate, as an explanation for all these

manifestations, the intervention, in so-called living matter,

of a force otherwise and elsewhere unknown, biotic or vital,

whose action is directed, according to the character of the

structure through which it operates, to the production of

the phenomena in question. Living matter is, from this

point of view, but a mask and a medium for action of the

unknown force.

This is the old doctrine of vitalism of the seventeenth and
eighteenth centuries, and which still had many adherents in

the first half of the nineteenth century. Its reassertion now
in certain quarters in the scientific world is due to reaction

from the enthusiasm born of the belief that the application

of the known laws of physics and chemistry in the study of

living matter would explain all its mysteries. From twenty
to forty years ago hopes were high that the solution of these

problems would result from a more profound comprehension
of the laws of the physical world. Since then there has been
an extraordinary increase in our knowledge of the structure

and of the products of the activity of living matter without
a corresponding increase in knowledge of the processes in-

volved. The obscurity still involving the latter appears the

more pronounced because of the high lights thrown on the

former. Doubt, and even despair, has taken the place of

hope with some, and the action of an unknown, mysterious
force is invoked to explain what appears to them to be an
insoluble enigma.

The persistence of the old doctrine of vitalism is, there-

fore, a reminder that our knowledge of the laws of matter,

seemingly comprehensive, is not at present profound enough
to enable us to solve all the problems involved in the vital

phenomena. One cannot but admit, also, that our methods
of investigation are very inadequate, a result very largely

due to the fact that there has been a lack of investigators
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Specially trained not only in biology, but also in physics and

chemistry, for the very purpose of attacking intelligently

these problems. The biologists, for want of such a wide

training, have in their researches emphasized the morpho-

logical aspect and the readily observ^able phenomena of living

matter. This situation has in recent years been accentuated

by the high degree of specialism which certain departments

of biology have developed. The physicist and chemist, on

the other hand, knowing generally little of the morphology

of the cell and of its vital manifestations, have been unable

to apply satisfactorily the principles of their sciences in an

explanation of the vital processes.

It must also be admitted that in some signal instances in

which the physicist and chemist attempted to aid in the

solution of biological problems the result has not been quite

satisfactory. Especially has this been the result in the case

of membranes. Arrhenius' theory of dissociation and van

't Hoff's gas theory of solutions were supported by such an

array of facts from the side of physics and physical chemistry

that there appeared to be no question whatever regarding

their universal validity, and their application in the study

of the phenomena of osmosis was urged with acclaim by
physical chemists and eagerly welcomed by physiologists.

The theories promised at first to explain all the processes

involved in diffusion through membranes, but the final result

was not in all cases what was expected. In illustration of this,

one instance will suffice. The osmotic concentration of the

blood in man as measured by the depression of the freezing

point (A) ranges from -0.56 to -o.58°C. The concentration

of the urine indicated in the same way is, except under rare

conditions, always greater than this, and its value usually

ranges between — 1.50° and —3.00° C, that is, from more than

two to five times that of the blood plasma. This result is the

very opposite of that which should be expected from the

application of the theories of Arrhenius and van 't Hoff.

It is, therefore, not surprising that there should be a re-

action amongst physiologists and biologists, in some cases

involving the extreme assumption that the laws of physics

and chemistry are inadequate to explain the causation of

vital phenomena. The assumption is, of course, not justifi-

able, for it postulates, among other things, that we fully com-

prehend now all the laws of the physical world. That the
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application of these laws has hitherto failed to explain the

causation of vital phenomena does not prove that they are

to be of no service in the solution of the problems involved.

A more comprehensive examination of these will, it is reason-

able to believe, lead to a quite different result.

The cause of the failure lies in our not fully applying all

the principles involved in the theories of solution and the

physics of fluids. One aspect of molecular physics was em-

phasized, while others of prime significance, as possible factors

in the causation of the phenomena, were ignored or

overlooked. Among these latter were surface tension, the

intrinsic pressure of liquids, viscosity, and the thermodynamic

relations of solutions, each of which plays a part in the

functional manifestations of living matter.

How far each of these operates as a factor in these manifesta-

tions it is not yet safe to say. To attempt to estimate the

force of each postulates a fuller knowledge of the scope of

the operations of these factors than we possess. We are un-

able, as I shall show later, to determine definitely the intrinsic

pressure in water, to say nothing of the physiological fluids.

The thermodynamic relations of physiological fluids and of

living matter constitute an almost unknown field to the

physicist, as it does to the biologist. Only in surface tension

are we in a position to ascertain whether there may be accord

between theory and fact.

The time, therefore, appears ripe for a discussion of this

principle as a factor in the manifestations of living matter.

Further, my own observations on Microchemistry have

turned my attention specially to it during the last eight

years, and, as a consequence, the problems involved in Micro-

chemistry have acquired, from this point of view, a special

significance which, I believe, has not hitherto been discussed.

This explains the origin of the present contribution on

the subject. About the views advanced here it suffices to say

that they are offered with reserve. It is possible that I may
have fallen into error, and I must, therefore, be prepared to

recall or to revise some of the views which I have advanced

should they ultimately be found wanting. That, I reassure

myself, is the true attitude to take. It is a far cry to cer-

tainty. As Duclaux has aptly put it: "la science s'avance

parcequ'elle n'est sure de rien". Thus I justify the attempt

made in the following pages.
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11.

—

Surface Tension in Pure Fluids and Solutions.

The forces other than kinetic that are concerned in the

equilibrium of pure fluids are all of molecular origin. The
molecules are drawn to one another by a force which, it is

postulated, varies inversely as the fourth power of the dis-

tance, and it is effective only at insensibly minute ranges.

This attractive force tends, when the molecules come within

effective range of each other, to reduce the space they occupy
to the absolute minimum, in which case the fluid would
become a dense solid. These molecules are also affected by
a repulsive force arising from countless collisions due to the

movement of the molecules amongst one another. This

force is, unlike the attractive one, not an inherent property

of the molecules, and is derived from without, usually through

the accession of the energy we call heat. When this energy

gives a high velocity to the molecules the fluid expands; the

distance between the molecules is so increased that the at-

tractive force is reduced to infinitely small value, and, in

consequence, the matter forming the fluid is converted into

the gaseous or vapour condition.

In a fluid, then, the molecules are still so near each other

that each is under the influence of the attractive forces of the

immediately adjacent molecules. By heating such a fluid

in a closed space it will expand as a whole, till, at a certain

temperature, the critical temperature, it reaches a condition,

the critical condition, in which the fluid is on the point of

transition from the fluid condition to the vapour condition.

The volume of the fluid is now the critical volume, and in

this condition each molecule is just so far apart from its

immediate neighbours that the influence of the attractive

force exerted is reduced to a minimum, in consequence of

which the fluid tends to pass beyond the critical condition

and become vapour.

The ratio of the critical volume to the normal volume is

in a great majority of fluids very difiicult, or impossible, to

determine, and in only a very few of the remainder has it

been directly ascertained. The values of the ratio so obtained
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are not concordant, as the results are affected by apparently
large experimental errors. The theoretical value of the ratio
has been developed from the equation of van der Waals:

(p + -^) {v-b) =RT
in which 6 is 4 times the volume occupied by the molecules
and 36 the critical volume. In the critical volume, if the
latter were divided evenly between the molecules, each of

these would occupy a cubical space whose volume could
not exceed 12 times the volume of the molecule itself. As,
however, the molecules are not spherical the space they occupy

would be more than —
,
probably — , and, in consequence,

4 3
the critical volume would be 9 times the attainable minimum
volume.

From this it follows that the cubical space allotted to each
molecule in the critical volume would have an edge V9"
times the diameter of the molecule, that is, the distance
between the centres of two immediate adjacent molecules
would not exceed s%fg, or a little more than twice the
diameter (5) of a molecule. From this it follows
that the diameter of the sphere of molec-
ular attraction does not exceed twice
the diameter of the molecule. The distance
between the centres of two immediately adjacent molecules
in a normal fluid, ordinarily, would, of course, be much less

than twice the molecular diameter, and it is equal to that
diameter when the molecules are in contact.*
The diameter of the molecules varies. i\ccording to Kelvin

(61), the diameter of a molecule of hydrogen =1.81 Xio"^cm.,
that of one of carbon dioxide = 2.99 X io"*cm. In this case
the diameter of the sphere of molecular attraction would
with hydrogen be at most 3.6 X lo'^cm., and with carbon
dioxide 6Xio'^cm. Jager (54) calculated the diameter of a
molecule of chloroform to be about Sxio'^cm. The maxi-
mum distance, therefore, through which the molecular
attraction would be effective would be 16 X 10"^ cm. Accord-
ing to Drude (25), the thickness of the "black spot" in a

* On the subject of the critical volume, the distance of the molecules from
one another, and on the attractive force between them, vide Boynton, Appli-
cations of the Kinetic Theory to Gases, Vapors, Pure Liquids and the Theory of
Solutions, New York, 1904; Jeans, The Dynamical Theory of Gases, Cambridge,
1904; Chwolson, Trait^ de Physique, Paris, 19 11, Tome III., Chap. xiii.
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glycerine soap film is 17X10"' cm., but the thickness of the

"black spot" in a soap film made with sodium oleate has,

according to Johonott (60), a minimum of 6.2 X 10"" cm.

As this minimum is supposed to be at least twice the diameter

of the molecules in the film the range of molecular attraction

cannot exceed 6.2 X lo'^cm., that is, the diameter of the

sphere of molecular attraction is more than ten times that of

carbon dioxide and somewhat less than that of chloroform.

The diam.eter of the molecules of water vapour, as calcu-

lated from the oscillation experiments of Kundt and Warburg
(63), is 3.39X10"^ cm.* This would make the diameter of

the sphere of molecular attraction 7.78 X 10"^ cm. By
employing a new method devised by himself, Garver (40)

has recently calculated that the mxolecular range of action

of water is 2.92X10"^ cm.

The attraction between the molecules is the factor which

produces in the interior of the fluid what is known as intrinsic

pressure, and on the surface what is called surface tension.

The pressure due to the action of molecular attraction

between the molecules in the interior of the fluid is, at the

lowest estimate, an enormous one. This pressure is the

value K of Laplace, represented by the integral

2 TT \ dz^ (z)
J

and the term — in the equation of van der Waals.

Young (115) estimated it in water to be equivalent to 23,000

atmospheres, and Dupr6 (26), determining it from the

mechanical equivalent of the latent heat of steam, placed

it at 25,000 atmospheres, while van der Waals (iii) gives

the value as ranging between 10,500 and 10,700 atmospheres.

Garver (40), however, estimates the intrinsic pressure in

water to be 1,236 atmospheres.

The occurrence of this enormous pressure is difficult to

conceive, but of its existence there can be no doubt. The
impossibility of estimating it exactly is due to the fact that

we have no means of determining directly the pressure exerted

by the molecules on each other. All our values of pressure

in a substance are obtained by finding what it exerts against

* Vide Jeans, The Dynamical Theory of Gases, 1904, p. 251.
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an external substance, whereas we cannot take a single

molecule and ascertain what pressure the molecules sur-

rounding it exercise upon it.

On the surface of the fluid the molecular attraction mani-

fests itself as surface tension. In the interior,

within a certain distance of the surface, each molecule is

affected in all directions equally by the molecular forces

exerted by the surrounding molecules. The molecules of

the superficial layer, on the other hand, providing they are

not in contact with the molecules of a gas or of another fluid

or of a solid, are affected only by their own forces and by
those of the molecules below them. The attractive force

they would exert externally is unengaged, that is, a cer-
tain amount of their energy is free, or
in the potential condition. The amount of

this free energy m.ay be diminished by putting the superficial

molecules in contact with those of a solid or of another

fluid, and it is slightly diminished even by the mxolecules of

the air or any other gas.

The superficial molecular layer thus
forms an elastic membrane, the elastic
character of which is due to the molec-
ular forces between its molecules tend-
ing ever to bring them closer together,
and yet at times subject to forces which
may drive or draw them so far apart that
their mutual attraction is ineffective
and the elastic character disappears.
The attractive force between the molecules of the super-

ficial layer would seem, from the correction term— in van

der Waals' equation, to vary inversely as the fourth power

of the distance between them, and, consequently, as the

molecules in the superficial layer are not as near one another

as are those which lie deeper, the measure of the attractive

force constituting the surface tension cannot be used as a

factor in determining the intrinsic pressure.

Whatever, therefore, increases the distance between the

molecules lessens not only the intrinsic pressure but also the

surface tension, and, conversely, whatever decreases the

distance increases the intrinsic pressure and the surface

tension.
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If the temperature of a fluid system is raised or lowered
the kinetic energy of the molecules is increased or diminished,
and thus the distance between the molecules is increased or
diminished. An increase of the distance involves a decrease
of surface tension, a decrease of the distance an increase of

the surface tension. For the same reason the intrinsic pres-

sure would be correspondingly altered.

It is possible, however, to affect the
attraction between the superficial mole-
cules without affecting the intrinsic
pressure. This can be done by diminishing
or increasing the electrical charge on
the surface of a fluid system. That electrical

charge is disposed in the form of two layers, one of which is

situated in the most superficial molecules of the system
(e.g., a drop of mercury), the other in the immediate external
layer of molecules of the surrounding medium (e.g., air,

water, oil, etc.). The charges in these two layers are of

opposite sign. In the case of the drop of mercury the charge
of the superficial molecules is positive and the other negative,
but in other fluid systems and with external media the oppo-
site relation of the layers may obtain. These conditions
illustrate the electrical double layer phenomena postulated
in the Lippmann-Helmholtz Theory of surface electrifica-

tion. Now, in every surface endowed with
such an electrical double layer the elec-
trostatic force tends ever to an exten-
sion of the area of the surface, that is,

to reduce the value of the surface ten-
sion. The reason for this is that the
electrical particles of the same sign, on
or in the m o 1 e c u 1 e s , t e n d to repel one
another, and this mutual repulsion op-
poses the attractive force between mole-
cules of the superficial layer which car-
ries the charge. If, now, at any point on the
surface the originally present charge is increased through
polarising forces, the repulsive effect of the charge is increased,

and there results an increase of distance between the mole-
cules and, in consequence, a decrease of surface tension,

while a decrease of the charge brought about in the same
way results in an increase of surface tension. The latter,
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however, does not, at its maximum, exceed that which the

superficial layer of molecules would have in the complete
absence of any charge or double layer.

Any charge, therefore, whether positive or negative, that

the molecules of a superficial layer of a fluid system may
have will diminish the attractive force between the indi-

vidual molecules, and thus the surface tension in such a
system is always less than that in a system in which no
charge or double layer obtains.

The surface tension can be affected in a fluid system by
its solutes. These, with exceptions, raise or lower surface

tension. As a rule, the inorganic solutes
raise it while the organic lower it, but
not in proportion to concentration.
Thus, in a solution of sodium chloride in water at 18° C. and

at "5^ gram molecular concentration the surface tension is

75.3 dynes, but in 6.96 gram molecular concentration it is

85.04 (Gradenwitz, 43, and Volkmann, no), while in a solu-

tion of butyric acid in water at 25°C. and at -^ concentration

the surface tension is 74.2 dynes, and at 2.834 gram molec-
ular concentration it is 29.4 (Drucker, 24, and Freundlich,

36). The presence of organic substances in weak concen-

tration in water thus greatly lessens surface tension, while a
weak concentration of an inorganic substance, or even a
great concentration, if it increases surface tension, only does
so slightly.

The explanation for the capacity on the part of a solute

to increase or decrease surface tension is not fully under-
stood. To say that the solute increases or decreases the

attraction between the molecules of the solvent is only
another way of stating the fact without explaining it. It is

to be noted, however, that those substances which in a fluid

state have themselves a surface tension lower than that of

their solvent (e.g., water), when dissolved in it lower its

surface tension. Thus, liquid hydrochloric acid, liquid

hydrobromic acid, liquid ammonia, and the organic

fluids, benzol, methyl alcohol, ethyl alcohol, ether, chloro-

form, glycerol, acetone, pyridin, anilin, phenol and the

organic acids, have of themselves a low surface tension and.
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when dissolved in water, decrease its tension, while the in-

organic salts and the fixed alkalies which possess, when fused,

a surface tension higher than that of water, and such an acid

as sulphuric, which also has a surface tension higher than that

of water, have the opposite effect on water on solution

in it. Compounds formed between those that lower and
those that raise the surface tension of water occupy an inter-

mediate position. The organic acids, and especially the

lower fatty acids and the oxyacids, have a marked efTect in

lowering the surface tension, but when they are combined
with an inorganic base they only slightly affect the surface

tension of water, mostly in the direction of lowering it.

Acetic acid in a i per cent, concentration lowers the surface

tension of water from 75 dynes to 63 (Traube, 108), while

sodium acetate in the same concentration does not at all

decrease the surface tension of the solution (Forch, 35).

This is quite as marked in the case of butyric acid, which in

a I per cent, solution lowers the surface tension of water

from 75 dynes to 34.9 (Traube, 108), but a 0.9 per cent,

aqueous solution of sodium butyrate has a surface tension

of 70 dynes (Forch, 35).

The solutes that alter the surface tension of the solvent

must affect the intrinsic pressure in the same. This would

follow from the fact that a diminution or an increase of sur-

face tension is fundamentally a decrease or an increase of

molecular attraction. Therefore, when a solute raises or

lowers surface tension it raises or lowers the intrinsic pressure,

not, however, in the same proportion as it affects surface

tension. On the other hand, for pure fluids the surface

tension is an indication of the intrinsic pressure. If, for

example, we knew the surface tension of two different pure

fluids at a certain temperature and the intrinsic pressure of

one of them, we might determine approximately the surface

tension of the other. As already pointed out, however, in

no case have we as yet determined even approximately the

intrinsic pressure.

The effects exercised by the solutes on surface tension and

intrinsic pressure cannot be proportional. If they were,

then the solutes would be uniformly distributed throughout

a fluid system. Now, in a fluid drop surrounded by air a

solute that lowers the surface tension is more concentrated

in the surface layer than elsewhere in the drop, while a solute
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that raises the surface tension is least concentrated in the

surface layer of the system. This distribution of

a solute in a fluid, whether it lowers or
raises surface tension, is due to the
action of a principle or law which may
be expressed in words to the effect that
the concentration throughout a fluid
system tends to be so adjusted as to reduce
the energy at every and any point in it

to a minimum. The inequality in distribution of the

solute indicates very clearly that the surface energy and in-

trinsic pressure are unequally affected by the solute, and, in

consequence, the solute is concentrated where the energy

of the pure solvent has been diminished, with the result that

the energy per unit volume tends to be the same as elsewhere

in the system.

The first to call attention to this phenomenon was J.

Willard Gibbs (42), but in a form of statement whose signifi-

cance was only later fully apprehended.* Eight years later,

that is, in 1886, J.J. Thomson (102) independently discovered

the principle involved, and in publishing his discovery in the

following two years gave it concrete expression and added

illustrations of its action. In consequence of these
^

two

sources of our knowledge of it, it is known as the Gibbs-

Thomson principle, and it will be referred to hereafter in

this contribution under that term.

Gibbs formulated the factors wl.ich would enable the con-

centration of the solute at tl-e surface of a f uid system to

be detern.incd. These have been evaluated on the basis of

the gas law, P ^RTC, and the form.ula

r da-

RT dC

has been obtained which permits us to calculate from ascer-

tainable data what the concentration at the surface of a

fluid system may be. In this formula f is the weight of the

solute positively or negatively absorbed per cm.^ of the sur-

face in excess of that which would have been at the surface

Op. cit., pp. 380-393.
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in the absence of any adsorption ; C, the concentration of the

solute in the fluid; <r, the surface tension in dynes; R, the

gas constant

/ ^ 2 X 4.2 X 10' ergs \
V molecular weight of solute/'

and r = the absolute temperature.

Forch (35) was the first to provide data for the calculation

of the concentration of an inorganic solute in the surface

layer of a fluid system. In a normal solution of sodium chlo-

ride the diminution of the salt in the surface layer was esti-

mated to be 0.024 mgm. per square metre. In the case of

acetic acid which lowers the surface tension of water, and
some of which, therefore, must be concentrated at the

surface of the system, Whatmough (112) obtained results

with a normal solution by which it was estimated that the

excess of concentration of the acetic acid at the surface was
0.2 mgrm. per square metre, or nearly ten times the deficit

in normal salt solutions, and that this concentration at the

surface alters by less than 15 per cent., even when the con-

centration throughout the system was increased eightfold.

Milner (85), driving air through a sodium oleate solution and
collecting the foam formed, found that for solutions averaging

0.00204 grm. mol. per litre the concentration in the foam
gave values from which he estimated that the surface

concentration of the sodium oleate was 0.4 mgm. per square

metre in excess over that of the fluid generally. On the other

hand, by using the data obtained by Reinold and Riicker

(92) from the conductivity of films made from a solution of

I part of sodium oleate in 60 of water, Milner calculated that

the surface excess would be 2.4 mgm. per square metre.

These values are all very small, and were they the only

ones accessible, surface concentration as a result of surface

tension would, except for certain problems of very limited

interest, be negligible. There are other experimentally

obtained values which put the surface concentration in quite

another light, and which must now be referred to.

Miss C. C. Benson (5), using an aqueous solution of amyl
alcohol, in which the surface tension falls very rapidly with

the increase of the concentration of the solute, and which

also develops foam very easily, collected the latter and de-

termined the concentration in it of amyl alcohol. This

amounted to 0.0394 molar value, while in the original solution
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it was 0.0375. There was thus an increase of at least

5 per cent, in the concentration at the surface. This method
of determination left out of account the fact that in such
solution system the lowest surface tension was not at the

air-solution surface but at the glass-water surface, and,

consequently, the concentration at the air-solution interface

would be less than it would be if the fluid system were wholly
surrounded by air. Further, the films forming the foam do
not consist wholly of the fluid of the successive adsorption

layers, and, therefore, the ascertained surface concentration

must be less than the actual.

The problem has more recently been dealt with in new and
ingenious methods by M. C. M. Lewis (65, 66, 67), and the

results obtained are of surpassing interest, not only on the

chemical and physical sides but also, and more particularly,

on the physiological. On account of this special interest a

detailed statement of the methods and the results is in place

here.

The surface of condensation in which he estimated the

concentration of the solutes was the interfacial surface be-

tween a hydrocarbon oil and an aqueous solution, or between
mercury and such a solution. The hydrocarbon oil or the

mercury was in the form of droplets or spherules, each in

contact on all its superficial area with the aqueous solution,

and on their surfaces the concentration of the adsorbed

solute was experimentally ascertained and compared with

the value determined from the equation

p _ C dor

^ ~ ~ rt' Ic
The hydrocarbon oil as well as the mercury was employed

because they do not absorb or take up in themselves any
trace of any one of the solutes in the solution bathing the

surfaces of the droplets.

In the case of the hydrocarbon oil it was employed in two
ways—as an emulsion with the aqueous solution, or it was
allowed to ascend as droplets through a tall column of the

solution. In the first case a certain quantity of the oil,

mixed with a known quantity of the aqueous solution, was
agitated in a shaker for some hours. The result was an
emulsion in which the droplets or spherules were all of nearly

uniform diameter which was measured under the microscope.

From this the average volume of each, as well as its surface.
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was determined, and, knowing the total volume of oil present,

the total number of droplets was ascertained. The united

surfaces of all could, accordingly, be found. The quantity of

the solute in the emulsion, apart from the interfacial surfaces,

was ascertained by an adaptation of the drop-pipette or

stalagmometric method.* The difference between the two
concentrations thus known was attributed to adsorption on

the united superficial areas of all the droplets, and thereby

the concentration on each cm.^ of interfacial area was

determined.

In the second method the hydrocarbon oil was allowed to

ascend through a long column of solution in a tall cylinder,

which terminated above by a minute tap in another short,

but broad, cup-like vessel containing a quantity of the same
solution. The oil drops could freely ascend through this tap

and through the supernatant fluid to its surface, but a free

backflow of this fluid into the cylinder was minimized. In

this apparatus the volume of oil used was accurately known,

the droplets formed from it passed slowly up through the

column of fluid, and their number was estimated from an

average of the counts made for a representative period.

When the oil drops had all ascended, the communication with

the cup-like vessel was cut off by compressing a rubber joint

just below the latter, the fluid in the cylinder, the amount
of which was accurately known, was run off from a tap below,

and the concentration of the solute in it determined as in the

other method. The difference between this concentration

and the original one, the total volume of the solution in the

cylinder and the united surface areas of all the oil droplets

which passed up through the solution, gave all the factors

which permitted a determination of the concentration of the

solute on each cm.^ of the interfacial area.

When the mercury was used instead of the hydrocarbon

oil it was allowed to fall in uniform droplets through a tall

column of a solution in a cylinder which terminated in a

reservoir below, from which it could, however, be shut off

by turning a tap. The quantity of mercury used was accur-

ately known, the number of its droplets which passed down
through the solution was determined from an average of the

counts made, and this gave the total superficial area of all

the droplets. The original concentration of the solution being

* For an account of which see the original memoirs.
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known, and having also determined the final concentration,
the difference gave the amount of the solute abstracted from
the quantity of the solution in the cylinder, which was also
known. From all these data the amount of the solute
adsorbed on each cm. 2 of the interfacial area was determined.
The solutes used in these experiments were sodium glyco-

cholate, methyl orange, Congo red, sodium oleate, caustic
soda, silver nitrate, potassium chloride, barium chloride,
copper chloride, caffein and anilin, and these were used in
different concentrations. In only the last two named,
caffein and anilin, did the directly ascertained values for sur-
face condensation approximate those which the formula

rt' dC
postulated, while in all the others the values determined by
the experimental methods used far exceeded the theoretical
values. In the case of sodium glycocholate of
0.25 per cent, concentration used with the
hydrocarbon oil, the surface concentra-
tion was 5X10'^ grm./cm.2, but the theo-
retical value was only 7X10"^ grm./cm.^,
that is, the directly a s c e r t a i n e d v a I u e
was about 70 times the theoretical
value. When mercury was used in
place of the hydrocarbon oil the sodium
glycocholate adsorbed at the mercury-
solution interface was 25 times the value
calculated from Gibbs' formula. In
sodium oleate the directly determined
value was 100 times the theoretical. In
Congo red, methyl orange and caustic
soda used with oil, the factors were 25,
43, and20 respectively. If even considerable
allowance is made in each case for errors of determination
the excess was still so great as to lead Lewis to suggest, as a
possible explanation, that the adsorbed material occurred
in a gelatinized or colloidal condition on the oil or mercury
surface. In the inorganic salts used there
was also an excess adsorbed over the
theoretical value, but it was chiefly the
cation thatwasso affected. In silvernitrate the silver

adsorbed was about 5 times in excess, in copper chloride the
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copper was 17, and in potassium chloride the
potassium adsorbed exceeded by 30 times
the calculated amount. This excess is, in Lewis'

opinion, probably due to electrical effects, since the oil used

is negatively charged, and the potential difference between
the oil and water is approximately 0.05 volt.

The significance of these facts may appear a little more
striking on further analysis. As pointed out above, the

diameter of a water molecule is 3.39 X 10"^ cm., and, there-

fore, the diameter of its sphere of attraction at the oil solu-

tion interface would be 6.78 X io"^cm., but Lewis, accept-

ing the range as equivalent to that postulated by Parks (86),

namely, 13.4 X io"^cm., and using also the value, 5.4X10"^
grm., for the amount adsorbed per cm.^ from a 0.25 per cent,

sodium glycocholate solution, as experimentally obtained,

calculated that the concentration of the
bile salt in the superficial layer was
40.3 per cent., or 160 times at least that
obtaining in the rest of the solution.
If, on the other hand, we assume the range of molecular

attraction to be lower than that postulated by Parks, then

the concentration of the bile salt at the interfacial surface

must be extraordinarily high.

It is, however, not certain that the solute adsorbed is

confined to a deposit within the range of attraction of the

molecules on the interfacial surface. It is probable that

there is no sharp break between the concentration at the

interfacial surface and in the solution generally—that, in

effect, there is a shading off between the two. It is true

that the amount adsorbed depends on the surface tension

of the interfacial area whose effects do not extend beyond
the range of molecular attraction, but in the case of the

solutes which are adsorbed in such extraordinary excess as

to suggest the formation of a colloidal or gelatinous deposit,

the latter must tend to produce successive, superposed,

interfacial sui faces till equilibrium is attained, in which case

the deposit may extend with lessening concentration through
a distance from the original interfacial surface equivalent to

several times the range of molecular attraction.

Such facts as these make it clear that surface tension is a
very important factor in osmosis. In osmotic processes

interfacial surfaces are conditioned, and, consequently, surface
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tension participates. When a membrane separates two
fluids, one a solution and the other the pure solvent, there
will be adsorption on the membrane-solution interface,
whether the surface tension of the solution be higher or
lower than that of the pure solvent, and, in consequence,
there will, at the outset, be inequality in the distribution of
energy between the two sides of the membrane. On the
principle that energy everywhere tends to a minimum, there
will be a movement from one side of the membrane to the
other, and in the vast majority of cases at first from the pure
solvent to the solution. That it will not always be in the
one direction has been shown by Dutrochet (27), Graham
(44) and Flusin (30), who found that in the case of certain
solutions with animal membranes the movement, at the
outset, was from the solution to the pure solvent. Graham
found that solutions of oxalic, citric, tartaric and hydro-
chloric acids, of the chlorides of gold, tin and platinum and
of nitrate of magnesium gave this result, and he accordingly
called it negative osmosis. Flusin points out that
an aqueous solution of tartaric acid in which the surface
tension is lower than that of pure water, moves through an
animal membrane to the pure solvent, that is, from low to
high surface tension.

Such facts as these show that osmosis is not the simple
process postulated by the gas theory of solutions formulated
by van 't Hoff, and that surface tension enters as a factor
in the result, though not to the full extent demanded by
Traube (104, 105, 106, 107, 108). The latter holds that
surface tension is all-important in osmosis, and that it oper-
ates through the attraction pressure (Haftdruck) of a sub-
stance which determines the velocity of the osmotic move-
ment and the direction and amount of the osmotic pressure.
The Haftdruck of a substance is measured by the effect
that substance exercises on the surface tension of the solvent,
or, to put it in Traube's own way, the more a substance
lowers or raises the surface tension of a solvent the less or
greater is the Haftdruck of that substance. Neither this
view nor the currently accepted explanation of osmosis
suffices, but the merit of Traube's crusade consists in the fact
that it has directed attention to the part that surface tension
plays in osmosis, a factor that has been, and is still, wholly
ignored by those who hold rigidly to the gas theory of solutions.
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It may be held that, after all, it is the pressure of the solute

in a gaseous condition that determines its condensation on

an interface where the surface tension is low, and that, there-

fore, the gas theory of solutions fully serves as an explanation

of the osmotic processes. It is, however, surface tension that

introduces this inequality of distribution of the solute, and

this inequality may profoundly alter the conditions at the

surface of a membrane. The force that causes this inequality

must affect, also, the other side of the membrane, if the latter

is permeable to either solvent or solute and both solvent and

solution wet it. Further, if when the adsorption does not in

amount exceed that determined by Gibbs' equation,

RT dC

the surface concentration is a factor to be taken into reckon-

ing, what must it be when it greatly exceeds that amount,

as in the case of bile salt, seventy times? Such extraordinary

concentrations cannot but have a marked effect in influencing

the force and direction of osmotic currents.

Surface tension, then, must be one of the factors in osmosis.

Under purely physical conditions it must play an important

part, but, as I shall show later in this communication, that

part is all-important in physiological osmosis.

Before concluding this section it is well to comprehend

clearly a few special applications of the principle of surface

tension. In the preceding pages the fluid system that was

referred to had only one interface, as the drop of water sus-

pended in space and unacted on by gravity. In such a

system the solutes that lower surface tension would con-

centrate at the air-water surface, while those that raise

surface tension would be found less concentrated at that

surface than in the rest of the system. A fluid system under

such conditions does not, however, occur in either the physical

or physiological worlds. The systems which one ordinarily

finds are those which have ununiform, interfacial conditions,

that is, the surface tension is not uniform over their surface.

This has a special effect on the distribution of the solutes,

as may be illustrated by the case of water in a glass vessel.

Here there are two different interfaces, one of the water-air
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surface, the other of the water-glass boundary. The tension

at the water-glass surface is less than that of the water-air

surface. This is due to the fact that the molecules of the

glass, coming as they do in closer range than do those of air

with the superficial molecules of the water, diminish more
markedly their free energy and, accordingly, the surface

tension.

If, now, a solute is present it will be concentrated most at

the interface having the lowest surface tension, i.e., on the

solution-glass surface. This happens whether the solute

lowers or raises the surface tension of the water. If it lowers

the surface tension it will be concentrated least in the body of

the solution, more at the solution-air surface and most at

the solution-glass surface, for the surface tension of the pure

solvent at the latter point, low as it is, is lowered still more
by the solute. Further, in such a system the solute which

raises the surface tension at the water-air surface should also

raise that at the water-glass surface, but the two tensions

would not be equalized, and, consequently, the solute would

be least concentrated at the solution-air surface and most
on the solution-glass interface. It would thus happen that

if two solutes were present, one raising, the other lowering,

the surface tension of the solvent, both would be most con-

centrated at the water-glass surface.

This explains the Thomson-Monckman experiment of

filtration through surface tension. In this a solution of

potassium permanganate is allowed to percolate through a

layer of clean sand, and if the layer is of sufficient thickness

the fluid that first issues is pure water, the solute having been

retained by adsorption on the surfaces of the sand particles.

A solution of bile salt similarly used would less readily issue

as pure water, for there would, in such a percolating solution,

be also a concentration at the water-air surface (owing to

the fact that bile salt lowers the surface tension of water)

though not as marked as at the solution sand surfaces.

It explains, also, the condensation of solutes on the sur-

faces of oil droplets or on droplets of mercury in a solution

whether the solutes raise or lower surface tension, as in the

researches of Lewis referred to. One is, further, thus put in

a position to understand some of the conditions which affect

surface tension in tissues, for in these the cells and fibres
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form, with lymph and other physiological fluids, interfaces

which make for surface condensation. But, before all else,

in each of the cells themselves, the individual units of the

vital machine, there are different interfacial surface tensions

which are the results of the adjustment of energy throughout

each cell, and these bring about inequalities in the distribution

of solutes throughout its contents.

III.

—

The Method of Studying Surface Tension in

Living Matter.

From the preceding section it may be gathered how sur-

face tension affects not only the form of a fluid system, but

also the distribution of solutes throughout it, and from such

a fluid system one may pass to living matter and apply that

principle in explanation of some of its functions. In apply-

ing it there are, however, difficulties involved. It is certain

that surface tension moulds the form of a protoplasmic mass,

but that certainty does not come from direct observation, and

is derived only as a deduction from all the facts known
regarding living matter and the physical properties of a drop

of fluid. It is, indeed, improbable that differences in surface

tension will ever be demonstrated directly.

Indirectly they can be demonstrated, but even here the

difficulties are great. The indirect methods are two, namely,

that which takes count of changes of form, and that which

depends on the demonstration of surface condensation of

solutes. Changes of form, or irregularities of surface, when
they occur, can, however, only occasionally be thus used, for

it is not always possible to attribute them to differences in

surface tension. In multicellular organisms the cellular

elements may be subjected to pressure, and there may thus

be irregularities of outlines in which surface tension has not

been a factor in the least degree. This method, therefore,

except in unicellular organisms and in certain tissue ele-

ments, to be referred to later, is not one on which much
emphasis may be laid.

The method which depends on the demonstration of sur-

face condensation is of a wider application, but it is also of

very great difficulty. In a drop of an aqueous solution on a

glass plate surface condensation occurs, but it is difficult, nay

impossible, to demonstrate it directly. In structures, like
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cells, in which viscidity and density produce, as compared
with a pure fluid, stability of form, there are also difificulties.

These arise, in large part, from the fact that we have no re-

actions which will show the presence of some of the substances

adsorbed. In the chemical processes of cells a very large

number of substances are produced which alter the surface

tension of the cells, and, in consequence, they undergo adsorp-

tion at the surfaces where low tension is brought about. All

these substances are beyond our present methods of micro-

chemical demonstration, and, consequently, their adsorption

cannot be shown. Along that line, therefore, little progress

appears possible, at least for the present.

We are, however, not wholly resourceless in this difHculty.

Amongst the inorganic salts that usually accompany, or are

a part of, living matter, there are some whose elements can
be demonstrated by definite and very delicate microchemical
reactions. Of these, one is haloid chlorine, which, with a so-

lution of nitrate of silver in dilute nitric acid and after ex-

posure to sunlight, gives a reaction which will show the pres-

ence of I part of haloid chlorine in 3,000,000 of solution

(Macallum, 74). The reaction is thus exceedingly delicate,

and its only defect is that the reagent does not penetrate

protoplasm rapidly enough in every case to be instantaneous.

This makes the reaction ineffective, in some cases, as a means
of demonstrating the surface condensation of chlorides in

the protoplasm of cells.

This defect does not obtain in the case of the reaction for

potassium. Some nine years ago (1903) the author dis-

covered that the hexanitrite of cobalt and sodium, when
employed in a certain concentration in a solution of sodium
nitrite and acetic acid, constitutes a very delicate and in-

stantaneously precipitating reagent for potassium, and that

this reagent rapidly penetrates animal and vegetable cells

(Macallum, 71). By freely washing the tissue or cells

treated with the reagent in ice-cold water the reagent is re-

moved, and the precipitate, consisting of the hexanitrite of

cobalt, sodium and potassium, wherever it exists in a cell,

appears as a cobalt yellow deposit. Of this precipitate only
about 16 per cent, is potassium. On treatment with am-
monium sulphide the cobalt is turned into the black sulphide

of cobalt, which is a more striking indication of the presence

of potassium than the original cobalt yellow colour. If
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now the preparation is mounted in glycerine it can be ex-

amined under the microscope. In this way the distribution

of potassium throughout normal animal and vegetable cells

has been ascertained by the author, whose experience with the

reagent for the last seven years has convinced him that we
have in this method a most valuable one for determining the

distribution of potassium in connection with living matter.

The method, used on cells and tissues of representatives of

all divisions of the animal and vegetable kindgoms, shows
that potassium is very abundant in vegetable cells, as a rule,

that it is present in the tissues of multicellular animal or-

ganisms, and that it is scanty only in the majority of Protozoa.

In some organs in Mammals potassium exceeds the sodium
in amount. This is the case with the brain, kidney, muscle
and pancreas. In the tissues generally, whether animal or

vegetable, potassium would appear to be abundant enough
and to be widely enough distributed to serve as a means of

determining the occurrence of adsorption and, therefore, of

differences in surface tension.

The observations of eight years ago (Macallum, 71)

demonstrated that potassium does obtain in local deposits and
concentrations, the occurrence of which the author at the time

did not explain. Potassium is not known to form precipitates

in either the physical or physiological worlds, and yet aggre-

gations and condensation found in animal and vegetable

cells seemed to imitate precipitates. It occurred to the

author that these condensations were the result of the action

of the Gibbs-Thomson principle, but owing to the novelty of

the idea involved, and also because of the desire to investi-

gate the matter further, that explanation was not then ad-

vanced, and the aggregations and local concentrations ob-

served were referred to as "physiological precipitates"

and "physiological condensations".

A more careful consideration based on widely extended
observations on the distribution of potassium in animal
and vegetable cells, carried on during the last six years, has

fully convinced the author that these condensations of its

salts are the result of the action of surface tension, that they

are in nearly every instance the result of the action of the

Gibbs-Thomson principle, and hence, that in the distribution

of potassium in tissues and cells, as revealed microchemically,

we have a means of detecting differences in surface tension.
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This conclusion the author advanced two years ago (72),

and on the basis of the observations made along this line en-

deavoured to explain all the leading vital phenomena as arising

in part at least from changes in surface tension of the struc-

tures concerned in the production of these phenomena.
The latter included the contractile action of proto-

plasm and muscle fibre, smooth and striated, glandular se-

cretion, intestinal absorption, the generation and trans-

mission of nerve impulses and the processes of cell division.

The subject is a vast one, but the discussion of it on that oc-

casion was necessarily very brief, and, therefore, only a few
of the facts which have been obtained on this point were re-

ferred to. It is now opportune to deal more fully, though not

adequately, with all the problems involved, and in the fol-

lowing pages it will be shown how the Gibbs-Thomson prin-

ciple of surface condensation may aid us in explaining the

causation of some of the vital phenomena.

IV.

—

Surface Tension in Living Structures.

(a) IN cells in general.

Though surface tension as a physical force has been known
since 1751 when Segner introduced it as a concept in physics,

it was only more than a century later when it was first con-

ceived as a factor in cellular action. In 1869 Engelmann
(29) briefly explained the amoeboid movement of proto-

plasm as due to forces quite the same as those "welche
jeden nicht kugligen freien Fliissigkeitstropfen kuglig zu

machen streben".

In 1876 Biitschli (20), almost equally briefly, sought to

establish the hypothesis that surface tension is a very active

factor in cell division.

Rindfleisch (96) in 1880 advanced views on protoplasmic

movement in which forces were referred to that involve sur-

face tension. According to this observer, the reticular and
interstitial fluid parts of the cytoplasm are in intimate and
static relation (adhesion), and disturbance of this relation re-

sults in movement. That the adhesion which he postulated is

the result of surface tension is shown by one of the illustrations

he used in explaining the operation of the adhesive force.

He pointed out that a thin film of oil on water will exhibit

movement if the water is heated. These movements, in the
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Opinion of Rindfleisch, are due to disturbance of the force

of adhesion between the two fluids, but, as is well known, they

are caused by diminution of their surface tensions.

Berthold (13) six years later (1886) explained the stream-

ing of the cell sap in vegetable cells as due to surface tension.

Local changes in the surface tension on the boundaries be-

tween the cell plasma and the sap brings about spreading

movements of the sap over the surface layer of the plasma,

and the streams resulting may be confluent, or the most

vigorous one absorbs the others or alters their direction. In

this way Berthold accounts for the rotation movement which

such streaming usually exhibits. He held, however, that the

streaming and movements in A m oe b ae and P 1 a s m o d i ae

are not to be explained as due to the same causes.

This did not essentially involve a denial of the participation

of surface tension in the streaming and movements of ani-

mal cells, for in his view the protoplasm of an A m oe b a ,

when in movement, conducts itself somewhat as a drop of

fluid does when it spreads out on a solid surface, and we know
the forces engaged in the latter case are those of surface

tension. The distinction, therefore, between the streaming

and movement of animal protoplasm, on the one hand, and

the same phenomena in vegetable cells, on the other, in Ber-

thold's hypothesis, is based, in the last analysis, on differ-

ences, not of principle, but of degree.

In 1888 Quincke (90) applied the principle of surface ten-

sion in explaining all protoplasmic movement. He assumed

the presence of oil and soaps in all cellular structures, and on

account of this presence the cell protoplasm has special pro-

perties which can be illustrated in the case of oil with water.

When a drop of oil lies on the surface of water it is acted on by
surface tensions of three interfaces. The surface tension of

the water-air interface is the greatest, while the surface

tension of the oil-water interface is least, and that of the oil-

air interface intermediate in amount.

The strongest tension, that of the air-water interface, will

therefore pull out on all sides the drop of oil, and it will, in

consequence, spread out into a thin film over the surface of

the water. Now in cells surface tension operates, as in the

distribution of oil on water, in spreading the protoplasm

containing, as pointed out, oils and soaps, over surfaces in

which the tension is greater. As soap is constantly being
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formed in protoplasm the surface of the protoplasm contain-
ing it, having a low tension on the protoplasm-water inter-

face, will as constantly keep moving, and as a result the pro-
toplasm will be pulled out with it. The movement of the
protoplasm thus produced will be continuous, and thus con-
stitute protoplasmic streaming. Cellular masses, thus par-
tially or wholly enclosed in lamellae containing soap or oil

and surrounded by water, would throw out pseudopodia or
manifest amoeboid movement. The formation of oil or
soap films at a point on the surface of a cell is thus the prim-
ary factor in movement.

Butschli (21) in 1892 published the results of his obser-
vations on the movements of a drop of concentrated soap
emulsion, which he explained as due to the layer of soap at a
point on the surface of the drop dissolving in the water and
lowering the tension of the water at that point. The water
molecules on the water-emulsion interface elsewhere on the
drop exert their tension, and thus occurs a streaming away
from that point over the surface of the drop. This produces
a corresponding movement in the drop at its periphery, and
a return central or axial stream directed to the point on the
surface where the solution of the soap occurred, and where
now a protrusion of the drop takes place resembling a pseu-
dopodium. In this manner, Butschli holds, the contractile
movements of A m ce b ae are brought about. In these the
chylema or fluid of the foam-like structure in the protoplasm
is alkaline; it contains fatty acids, and, in consequence, soaps
are present which, through rupture of the superficial vesicles
of the foam-like structure at a point, are discharged on the
free surface. This produces there the diminution of surface
tension that calls forth currents, internal and external, like

those which occur in the case of the drop of soap emulsion.
As regards Quincke's explanation of protoplasmic move-

ment and streaming, Butschli has shown that it is based on a
mistaken view of the structure of the cell in C h a r a and
other plant forms in which protoplasmic streaming occurs.
Butschli's own hypothesis, however, is defective in that it

postulates a current in the fluid medium just outside the
A m ce b a and backward over its surface, the existence
of which Berthold denies and Butschli himself has been un-
able to demonstrate even with the aid of fine carmine powder
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in the fluid. He did, indeed, observe a streaming movement
in the water about a streaming P e 1 o m y x a, but the

current was in the direction opposite to that demanded by
his hypothesis. Further, his failure to demonstrate the

occurrence of the postulated backflow in the water about

the contracting or moving mass of an A m oe b a or a

P e 1 o m y X a makes it difficult to accept the hypothesis he

advanced to explain that backflow, namely, that rupture

of peripheral vesicles (Waben) of the protoplasm occurs with

a subsequent discharge of their contents (proteins, oils and

soaps) into the surrounding fluid. Surface tension, moreover,

on this hypothesis would be an uncertain and wasteful factor

in the life of the cell. On a priori grounds, also, it would

seem improbable that this force should be generated outside

instead of inside the cell.

A somewhat clearer view of the action of surface tension

in Amoebae was advanced by Ryder (98) in 1894. This

observer regarded every detail in the form of the cell and its

nucleus as determined by surface tension, and even attributed

the formation of the rays of the aster in mitosis to the same
force. It is the surface tension of the protoplasmic mass it-

self which operates in determining the external form of the

cell. Owing to metabolic (chemotropic) changes at a point

on the surface, the surface tension lessens there, a "rupture"

of the superficial film takes place, and a flow of the proto-

plasm through the opening occurs. The new superficial

film of the protrusion or pseudopodium thus formed may it-

self be of such weak tension that, like its predecessor, it also

"ruptures" and the protrusion is extended. The flow into

the protrusion is from the more central parts of the mass,

and to replace this there is a flow inward from the protoplasm

at the opposite pole. The whole movement thus resembles

that of a vortex ring with which Ryder compares it, but the

resemblance is not complete, for in the cell the centre of the

ring is occupied by the current of protoplasm flowing through

the weakened or "ruptured" membrane. The cell is thus

flowing through itself, and the outer layers of molecules thus

form a sort of shell or tunnel through which the central cur-

rent flows. The special point in Ryder's hypothesis is that

it postulates that it is the surface tension of the protoplasm

itself and not of the surrounding medium that is the primary

factor in producing movement.
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A similar view was propounded by Verworn (109). He
explained the diminution of surface tension which precedes
the formation of pseudopodia as due to the oxidation of cer-

tain constituents (biogen molecules) of the protoplasm at
the point.

Rhumbler (93, 94, 95), who adopted and expanded the
views which Roux had advanced to the same effect, explained
protoplasic movement as due to surface tension affected
by inequalities (Anhomogenitaten) of composition and den-
sity of the surface layer as well as of the deeper portions of
the protoplasmic mass. These inequalities are constantly
changing, disappearing at one point to reappear elsewhere,
and this tendency to change is favoured by the vesicular
(schaumige) character of living matter which Rhumbler,
following Butschli, accepts as the normal structure of pro-
toplasm. Each vesicle (Schaumraum) is a chemical labora-
tory by itself, and as the wall of each is composed of colloid

material through which the diffusion of other colloid sub-
stance is difficult or impossible, all the vesicles will then be so
many minute and independent laboratories, each with a pro-

duct slightly different in amount and quality. In conse-
quence of the action of the products of each vesicle the sur-

face tension is affected unequally over the surface, which
Rhumbler represents as a mosaic constituted of different

fluid colloids, each of which has its own capillary constant.
The changing products of the vesicles, as well as the changing
activities of the latter, continually and unequally affect

the surface tension, with the result that the great differences

in form and contour of living matter which we comprehend
under contraction and extension develop.

Not greatly different from Rhumbler's view is P. Jensen's
explanation (55) of the causation of protoplasmic movement.
According to the latter, vital movement of all kinds, muscular
as well as amoebic, is due to alterations in surface tension
brought about by metabolic processes in the cytoplasm.
When the assimilatory (anabolic) processes predominate
at a point in the cell, there results an increase there of the

number of metabolities and a consequent decrease of sur-

face tension. This leads to expansion at the point, and there

pseudopodia form. When, on the other hand, the dissimila-

tory (catabolic) processes are specially enhanced, there is a
decrease in the number of molecules, the surface tension at
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the point increases, and accordingly contraction develops.

It is of course impossible to demonstrate the occurrence of

these metabolic processes simultaneously with changes of

form in unicellular organisms, and, in consequence, Jensen

relies for support of his view on the fact that in muscle cata-

bolic processes are coincident with contraction while the

anabolic processes are enhanced during relaxation.

Brailsford Robertson (97) explained protoplasmic move-
ment as caused by augmentation or diminution of contact

difference of potential between the surface of the amoeboid

organism or the surfaces of cilia and the fluid medium by
which they are bathed. This contact difference of potential

is due to the presence of ion-proteins in the surface layer of

the organism, and alterations in potential lead, as in mercury

drops surrounded by sulphuric acid, to local alterations in

surface tension and, consequently, to movements in definite

directions.

Some observations bearing on the relation of surface ten-

sion to toxic action on living cells and to osmosis may now
be detailed.

J. Traube (104) pointed out, in the case of the primary

monatomic alcohols of the fatty series and of the esters of

these alcohols with acids of the acetic series, that the toxic

effect of these substances increased in homologous series

with their surface tension effect in the proportion of 3; e.g.,

each member of the alcohol series is three times as effective

in its capillary action and three times as toxic as the next

lower member of the same series. A quite similar relation

was determined by Fiihner and Neubauer (38, 39) in the

action of alcohols in promoting haemolysis, and J. Loeb

(68) found it to obtain in the action of alcohols on the helio-

tropism of Copepods.

Czapek (22) has investigated the action of solutions of a num-
ber of substances in promoting the diffusion of tannin from

vegetable cells, and has found that it depends on surface tension.

The presence of tannin was demonstrated microchemically

by treatment with a solution of caffein which forms myelin-

like droplets with tannin. Solutions of acids of concentra-

tion exceeding —^ and of alcohols, ethers, chloroform,

esters, acetone, ketones and urethanes in certain concen-

trations in water, when applied to the cells ofEcheveria,
Saxifraga and Spirogyra, cause the tannin to
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diffuse from the cells, and Czapek determined that the con-
centrations of the latter class of compounds gave the so-

lution, in each case, a surface tension of 0.68-0.69 times that
of water at I5-I9°C. With methyl alcohol the concentra-
tion which gave this tension was 15 per cent, (i.e., 15 volumes
of methyl alcohol per 100 of solution), with ethyl alcohol

it was lo-ii per cent., with normal propyl and isopropyl

alcohols between 4 and 5 per cent., with normal butyl and
isobutyl alcohols between i and 2 per cent., and with amyl
alcohol 0.5 per cent. The diffusion of tannins from the cells

was, therefore, independent of the chemical composition of

the substances.

With solutions of a higher surface tension exosmosis, or

diffusion from the cells, did not occur. Czapek, therefore,

suggests that the plasma membrane around the cells has a
surface tension of 0.68-0.69 times that of water, and that so

long as the exterior surface of the membrane is ordinarily

bathed by a fluid whose surface tension is greater than the

above value, which he calls the critical tension, no diffusion

occurs. Osmosis then depends in this instance on the estab-

lishment of a critical surface tension in the external fluid.

The determination in any particular case of the critical ten-

sion would, Czapek holds, thus reveal the surface tension

value of the plasma membrane.
From the foregoing account of the literature on the sub-

ject it may be seen to what extent in the past surface tension

has been regarded as a factor in cell life in general , and how
largely the views advanced are derived from speculation and
theory alone. It was inevitable that they should be largely

so derived, for, as already indicated, there was, apart, it

may be, from the alterations in form of living matter, no
direct evidence of the participation of surface tension in

vital movement.
The observations which are now to be advanced as bearing

on this question arise from the application of the Gibbs-
Thomson principle of surface condensation in explanation of

the distribution of potassium in animal and vegetable cells

as determined by microchemical methods by the author.

The most striking instances of the surface condensation of

potassium are to be found in the Protophyta and especially

in Spirogyra, Mesocarpus, Mougeottia
and U 1 o t h r i X ,
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In Spirogyra the potassium is condensed in the

immediate vicinity of the chromatophor. When the turns

of the latter are very closely applied, then the spaces between
the adjacent turns appear charged with potassium. When,
however, the turns of the spiral are far apart, as in Fig. i,

the potassium is found confined to either margin of the chro-

matophor. There is so little potassium in the rest of the cell

that no reaction for it was obtained with the hexanitrite

reagent. The condensation on the margins of the chroma-
tophor must accordingly imply that in this part of the cell,

that is, on the chromatophor-cell sap interface, the surface

tension is low as compared with other interfaces inside the cell

membrane. As the synthesis of carbohydrates takes place

in the chromatophor under the influence of sunlight, and as

potassium is a factor in bringing about that synthesis (vide

infra), it would appear that low surface tension is a factor

in that synthesis, or is a result of the synthetic processes

producing substances which, in themselves, lower surface

tension. If formaldehyde is a product in the course of this

synthesis it must lower surface tension. It may possibly

be that the low surface tension is both a factor in the synthesis

and a result of the processes involved.

When conjugation occurs in Spirogyra the out-

growth from either cell to form a zygospore is preceded by an
accumulation or condensation of potassium at the point im-

mediately under the cell wall where the future outgrowth is

to develop. The cell wall soon develops a convexity at the

point, to which the cytoplasm accommodates itself, and at

the same time the potassium condensation becomes more
marked. While the growth continues the potassium con-

densation obtains in its tip, but when the out-

growth meets the corresponding growth from the neigh-

bouring cell and the contiguous membranes disappear, per-

mitting the cytoplasms of the two outgrowths to fuse, the

potassium condensation quickly resolves, and the element, or

rather its salts, diffuses throughout the mass of the protoplasm

derived from both cells that is to form the zygospore. The
latter thus gets its potassium from the condensation at the

tip of each outgrowth. The whole history of the process of

conjugation thus demonstrates a surface condensation of

potassium due to a surface tension lower at the outgrowth
than obtains elsewhere in the cells.
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When the quantity of potassium present in the conju-
gating cells ofSpirogyra is small then the surface
condensation of potassium in the tips of the outgrowths is

very scanty and may even be absent. This, however, does
not happen in normal Spirogyra.

In Mesocarpus during conjugation a similar con-
densation of potassium obtains. The mode in which the
outgrowths to form the zygospore develop is somewhat dif-

ferent from that observed in Spirogyra. The cells

taking part become more convex on one face, and the con-
vexity may embrace the whole length of the cell on that side

(Fig. 3). Just inside the membrane at the central or most
prominent part of the convex surface the potassium is con-
centrated densely in a mass which, from the intensely black
reaction for cobalt sulphide which it gives, stands out very
prominently as a cap-like structure. A later stage of the
conjugation as well as of the condensation is represented
in Fig. 4.

In the tips of the growing points in Cladophora,
Vaucheria, CEdogonium and N i t e 1 1 a , potas-
sium, when present, is frequently found condensed in a thin

layer immediately under the membrane at the very extremity
of the growing cell, while the remainder of the cell is free

from it.

In Ulothrix one very commonly obtains specimens
in which the potassium is condensed at the ends of the cells

(Fig. 5), but the most marked occurrence of such conden-
sation is to be found in a form that usually accompanies
Z y g n e m a , especially in the later months of summer.
The author has been unable to diagnose the genus to which
this form belongs, and, therefore, it must suffice to indicate

its characters by reference to Fig. 6. In this form one sees,

immediately adjacent to and on each side of the transverse
wall of the confervoid thread, a most striking condensation
of potassium. Here, as in the previous instances described,

the condensation layer is not always sharply limited on its

two faces. In the illustration there are not a few prolon-

gations of the condensation extending towards the proto-

plasmic mass to which it belongs, and which has, through
the action of the reagent used (the hexanitrite of cobalt

and sodium), shrunken somewhat from its normal limits.

In such preparations as these the condensation of potassiurn
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described indicates that the surface tension is low at the

ends of the cell, a conclusion that could be drawn perhaps
from the shape of the cell, for if the surface tension were
uniform over all the surface of the cell the latter would be
spherical.

Throughout the cytoplasm in this form one finds the po-

tassium gathered in condensation layers about spherical

or other masses and the occurrence of such suggests at once
that low surface tension is effective here also.

In the germinating spores of specimens of Equisetum
a r V e n s e

,
grown in soil rich in potassium salts, the po-

tassium is usually found remarkably localized. While the

spore is unicellular the potassium is more or less uniformly
distributed throughout the cytoplasm. In the first division

the greater part of the potassium is gathered in one of the two
daughter cells, and chiefly there at the pole opposite the

other cell (Fig. 7, a) w^here the convexity of the surface is

a little more pronounced than it is on any other point of the

surface. At this point the primary root hair of the spore

takes its rise, and as it grows out from the cell the potassium
present accompanies the growth, and its distribution is in

the superficial layer of the cytoplasm of the outgrowth and
immediately beneath the covering membrane (Fig. 7, b).

This distribution of the potassium leaves no room for any
other explanation than that it is a condensation at the sur-

face where the surface tension is lower than elsewhere.

In the other cell of the germinating spore which contains

chlorophyll at this early stage the scanty amount of potassium
present is condensed immediately under the membrane.

In spores derived from Equisetum grown in sandy
soils or in other soils largely free from potassium salts, no
trace of potassium condensation may be found at any stage

of germination, and potassium may be wholly absent. These
spores seem to possess all the capacity for development that

the spores which are rich in potassium manifest. This

would seem to indicate that potassium salts are inert in the

metabolic processes of the cell which develops the primary
root hair. It is, however, possible that the potassium en-

dowment may, in the later stages of development, make an
important difference in the viability of the organism.

The fact that when the spore divides and is constituted

of two cells, nearly all the potassium originally present in
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the spore is now found in the cell which is to develop the
primary root hair, is significant of differences between the two
cells immediately before they divide. The condensation
in one of the two separating halves is evidence that one half

has a lower surface tension than the other.

In the cells of the higher plant forms and specially in the

parenchymatous tissue one observes occasionally a distri-

bution of potassium on a portion of the cell surface, which
suggests very strongly that here also is condensation due to

surface tension. An example of this is illustrated in Fig. 8,

representing a mesophyllous cell from the Easter Lily

(Lilium). These mesophyllous cells are subjected to

pressure, and thus their shape is not wholly determined by
surface tension. In the example illustrated the potassium
is shown in a condensation layer at a, which would indicate

that at that point the surface tension is least. At other
points in the cell potassium is concentrated about or on the

surface of spherical bodies in such a manner as to suggest
surface condensation. One finds this concentration very com-
mon in the mesophyllous and parenchymatous cells of leaves
and stems, and later in the summer in annual plants the con-
centration of potassium thus brought about is remarkable.
It is, indeed, in this way that the cells of the leaves dispose
of the ever-increasing quantity of potassium brought to
them by the transpiration currents from the roots through-
out the whole season. If it were not for the condensation
of the potassium salts on the surfaces of masses in the cy-
toplasm wliere the tension is low, the whole cell would be
uniformly charged with potassium, and thus, perhaps, a
toxic condition would be induced. On this view surface
condensation due to surface tension enables the chlorophyll-
holding and other cells of leaves to dispose of very large quan-
tities of salts of potassium and other bases, for the surface
condensation cannot be supposed to be confined to the po-
tassium compounds, although the condensation of other
salts is not demonstrable microchemically.

In the stomata of T u 1 i p a one finds surface conden-
sation of potassium as illustrated in Fig. 10. It is to be
noted that the concentration is only on the convex surface
of the "guard cells", the concave surface of each, i.e., that
bounding the aperture between the cells, being wholly free

from potassium. As these "guard cells" are supposed to alter
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their shape and thus open or close the aperture between

them, one can comprehend in a measure how the alteration

is effected. The most convex surfaces are endowed with

the lowest surface tension, and this explains the concen-

tration illustrated. When the aperture closes the concen-

tration of potassium at the outer side of each cell becomes

much less or disappears wholly, and the potassium is more
uniformly distributed throughout the cytoplasm.

Weevers (114) has described and figured a localization of

potassium in the tips of the root hairs of Hydrocharis
Morsus ranse, which is apparently a condensation

due to the low surface tension at these points in the hairs,

but that author, not having taken account of surface tension

as a factor in such a situation, explains the localization as

due to the potassium salts diffusing from the cytoplasm of

the hair cell to that in the tip where it first meets the reagent

which demonstrates its presence. What Weevers observed

in this case may be paralleled in the tips of the growing

points of the threads of Cladophora, CEdogonia,
N i t e 1 1 a and other confervoid forms, and the conditions

under which this localization is obtained excludes the ex-

planation that it is due to such a factor as Weevers suggests.

As already stated, unicellular animal organisms are largely

free from potassium. In Vorticella there is no po-

tassium present except in the contractile stalk, in a minute

deposit around the base of each cilium, and in very

minute quantities in the cytoplasm immediately about the

digestion cavity. There is indeed much more potassium in

the stalk than in the main cytoplasmic mass or head, and it

is there distributed throughout its length. This would

indicate that the head is under higher surface tension than

the stalk and the part of the head from which it extends.

The occurrence of minute amounts of potassium immediately

about the digestive cavity of the organism is an indication

that the surface tension is low there also, though not perhaps

to the same extent as in the stalk.

In Paramoecium the potassium present is minute in

quantity. It is found in the ectosarc and confined to the

basal portion of each cilium. On the Gibbs-Thomson principle

low surface tension, therefore, is a factor in the production

of these structures, a conclusion that is, on a-priori

grounds, probable.
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In spermatic cells in Vertebrates the distribution of po-

tassium varies with the stage of development. In the

spermatogonia it is condensed on, and in masses in, the cyto-

plasm in a manner that suggests surface condensation as

a factor. This almost becomes a certainty in the case of

spermatids. In Fig. 11, representing a spermatid from the

guinea-pig, the potassium is shown massed under one portion

of the surface of the cell. In the fully formed spermato-
zoid the potassium is usually wholly condensed in that

portion of the original cytoplasm which envelops the posterior

part of the head. In the ripe spermatozoa of the frog there

is seen a similar distribution of the potassium. In the

spermatozoa of the dog, as they exist in the tubules of the

epididymis, there is very little potassium.

The occurrence of potassium at the base of each cilium

in Paramoecium and Vorticella, in the stalk

of the latter form, and its presence in the more or less

unaltered cytoplasm about the posterior part of the heads
of spermatozoa, are all related facts, and the connecting
principle is surface tension which is, one must suppose, re-

sponsible for the development of the cilium and the stalk

and for the shape of the spermatozoon. On this basis the

motor or contractile function of all three may be referred to

slight alterations of surface tension arising in the head of

Vorticella or of the spermatozoon or in the ectosarc

of Paramoecium and passing over the stalk, tail or

cilium in a wave-like manner to its termination, the wave
of low tension being only momentary in duration and being

quickly succeeded by another of like character.

(b) IN MUSCLE FIBRE.

The first to discuss from the physical point of view the

source of the energy of muscle contraction was G. F. Fitz-

Gerald, the Dublin physicist (33), who in 1878 advanced
the view that it is due to surface tension. Assuming that in

mammalian muscle each fibre is 0.05 mm. ( = 50/i) in diameter
and each fibre to consist of closely packed fibrils, each of

which, to facilitate computation, was to be triangular in

section, and further, that the side of each triangle was
0.000125 cm. (=i.25/x), he estimated that there would be

about 500 metres of circumference of fibrils per square

centimetre of cross section of muscle. This, with a surface
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tension equal to that of water, would give a disposable force

of 4 kilograms as against the then currently estimated value

of 7 kilograms. By assuming also that the fibrils have each

a smaller diameter, a much larger disposable force can be

estimated, and, in consequence, diminished surface tension

(i.e., much less than that of water) would be compensated

by increased fineness of structure. He suggested that fibrils

and transverse striae are for the very function of developing

surface tension, and also that the electrical disturbance ac-

companying muscular contraction affects this surface ten-

sion as differences of electrical potential in Lipmann's ex-

periments with mercury drops afTect the surface tension of

the latter.

The next to suggest surface tension as a factor in muscle

contraction was D'Arsonval (2), who was unaware of Fitz-

Gerald's observations and views. D'Arsonval, basing his

idea of surface tension in muscle on the electro-capillary

phenomena, constructed according to his views a physical

model of striated fibre in the following fashion. In a rubber

tube he placed mercury, dilute acid and discs made of pipe

clay or porous porcelain, and these were so disposed that a

disc, some mercury and then some dilute acid, all in this order,

were repeated in series many times throughout the length of

the interior of the tube. This model, hung vertically and

attached above and below to wires from a battery cell, should,

on the passage of a current through it, give a mechanical

deformation or shortening of the model, due to the change

of electric potential on the surfaces of the mercury drops

altering their form or contour. An experiment demon-
strating this result he did not describe, but he did show, by
methods which need not be described here, that mechanical

extension of the model gave origin to a current which could

be felt.

Imbert (52) in 1897, referring to D'Arsonval's views as to

the connection between surface tension and contraction,

directly applied the principle in explanation of the contractil-

ity of smooth and striated muscle fibre. According to him
the primary conditions are different in the two kinds of fibre.

In smooth muscle fibre extension is determined, not by any
force inside it, but by an external force such as may distend

an organ (intestine, bladder or artery) in whose wall it

is found. The "stimulus" which causes the contraction
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increases the surface tension of the fibre-lymph interface, and
this of itself tends to make the fibre thicker and shorter, a

change that occurs in contraction. He did not, however,

explain how the stimulus altered the surface tension, except

so far as to say that its effect on surface tension is like that

of electricity, to which the nerve impulse presents some
analogy. In striated fibre the singly and doubly refractive

discs are in contact like two fluids, and their interfacial

tension opposes the surface tensions of the external surfaces

of these same discs. How these forces should operate is not
quite clear from Imbert's description, but one gathers that

the longitudinal diameters of the two discs at rest are due to

the resultant effect of the different surface tensions. When
a stimulus (nerve impulse) reaches the fibre the surface

tensions of the discs are unequally altered and there results

a deformation of each, involving primarily a shortening of

its longitudinal axis and thus a shortening of the whole
fibre.

According to Bernstein (9) there is, in both smooth and
striated muscle fibre, in addition to surface tension, an elastic

force residing in the material composing the fibre, which,

owing to the conditions that may obtain, sometimes op-

poses and sometimes assists the surface tension. The result

is that in the muscle fibre at rest the surface must exceed

somewhat that of the fibre in contraction. In both condi-

tions the algebraic sum of the two forces must be zero. In

contraction the surface tension increases, and with it the

elasticity also. Taken as a whole, this would not explain the

large force generated in contraction, for the energy liberated

would be the product of the surface tension and the amount of

the diminution of the surface due to the contraction. As
the latter is very small the product is much below the amount
of energy in the form of work done actually manifested.

To get over this difficulty Bernstein postulates that in muscle
fibres, whether smooth or striated, there are fibrils surrounded
by sarcoplasm, and that each fibril is formed of a number
of cylinders or biaxial ellipsoids singly disposed in the course

of the fibril, but separated from each other by elastic material

and surrounded by sarcoplasm. Between the ellipsoids

and the sarcoplasm there are considerable differences of

surface tension which prevents mixture of the substances

constituting both.
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In order to account for all the energy of contraction these

fibrils must be sufficiently numerous. To ascertain how-

many there may be Bernstein took the semi-membranosus
of a frog, determined experimentally its absolute force, then

hardened it in the extended condition in alcohol for a fort-

night, after which it was imbedded in celloidin and trans-

versely sectioned in the microtome. In such sections, making
all allowances for the shrinkage due to alcohol, he found the

average radius of each fibril to be 9.994X10"^ cm. and cal-

culated that in a square centimetre of such a section there

w^ould be 31,460,000 fibrils which, with the data for elasticity

and absolute force (3000 grms.), gave 0.022 grm, as the value

of the surface tension of the fibril at its fibril-sarcoplasm inter-

face. This value is very near that of oil at an oil-water

interface, which is approximately w^hat Bernstein supposed
the surface tension of the fibrils to be. To provide, however,

for a greater value of the absolute force he postulated a

greater tenuity of the fibrils, of, e.g., a radius of io~^ cm.
The excitation of the fibrils through a nervous impulse

causes an increase of the surface tension of ellipsoids which,

therefore, become more spherical. In consequence, the de-

crease in surface of all the ellipsoids constituting a fibril is

much greater than if the fibril were to be affected as an in-

dividual unit only by an increase of surface tension, and thus

the surface energy developed w^ould be correspondingly

greater. The ellipsoids, Bernstein explains, are not to be

confused with the discs, singly and doubly refractive, in

striated muscle fibre, for these, he holds, are not concerned

in the generation of contraction, but with the processes that

make for rapidity of contraction. The extension of a muscle
after contraction is due to the elastic reaction of the substance

between the ellipsoids in the fibril.

Bernstein holds that fibrils of this character, with ellipsoids

and sarcoplasm, occur in the cytoplasm of A m oe b a, in the

stalk ofVorticella and in the ectoplasm of S t e n t o r,

and this explains the contractility they manifest.

In accepting Pick's view that the muscle is not a thermody-
namic but a chemodynamic machine, Bernstein points out

that wherever in nature a transformation of chemical energy

into mechanical energy takes place, this is brought about
through the intermediation of volume energy, surface energy

or electrical energy. Now, volume energy is excluded in
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muscle, since there is no change in volume of muscle when it

contracts, while the electrical properties of muscle afford no
support to the view that electrical energy contributes a part

of the energy of contraction, and, therefore, the only source

of the contraction energy that is possible is surface energy.

It may be said in criticism of Bernstein's fibrils, that while

they consist of ellipsoids, each fibril, according to his calculations,

is supposed to act as if its surface were an individual unit, not a

composite one which it must be if ellipsoids constitute the fibril.

It is this feature that makes it necessary for him to postulate

extreme tenuity of such fibrils and an extraordinarily large

number of them in order to account for the amount of ab-

solute force that a muscle (7000-10000 grms. per cm. 2) some-

times exerts. If each fibril were constituted of one hundred
ellipsoids placed end to end, and if the surface tension of each

ellipsoid were capable of change independently, then the sur-

face energy of the whole fibril would be one hundred times

that of the same fibril homogeneous and undifferentiated.

Moreover, the ellipsoids from their very nature are non-

demonstrable structures, and must always remain as postulated

elements only. It may further be pointed out that Bern-

stein attributes too small a part to surface tension in the

lengthening of the fibre after contraction, and that the

elasticity which muscle appears to possess may, in the ulti-

mate analysis, be but a result of surface tension.

Jensen (55), like Bernstein, explained the contractile phen-

omena of muscle as due to surface tension, this force with elas-

ticity determining the form of the fibrils. Unlike Bernstein,

he recognized the sarcous elements as primarily concerned

with the generation of contraction. Surface tension oper-

ates between the isotropous substance and the sarcoplasm,

between the anisotropous substance and the sarcoplasm, as

well as between the isotropous and anisotropous elements.

In relaxation of the fibrils the surface tension of these inter-

faces balances the elastic forces, but in contraction the sur-

face tension constant of the fibrils is increased as a result of the

chemical changes of the sarcoplasm and fibrillar substance

affected through the stimulation. This leads to a mingling of

the isotropous and anisotropous substances, the surface tension

of their interfaces vanishes, and, in consequence, there results

a diminution of the force that opposes shortening. The two
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substances thus form in each sarcous disc a common cylinder

with proportionately larger surface which, however, is capable

now of considerable diminution. The shortening and thick-

ening of the fibrils, accordingly, develops till the different

forces are again in equilibrium. In relaxation these processes

happen in the reverse order.

As in the case of ordinary protoplasmic organisms so in

muscle, Jensen holds, assimilatory (anabolic) processes de-

crease surface tension and dissimilatory (catabolic) processes

increase it. The chemical changes involved in these dis-

similatory processes are developed as the effect of the stim-

ulus of the nerve impulse.

Brailsford Robertson (97) attributes the contraction of

striated muscle to the elastic recoil of tubules composing

the contractile fibrils, these tubules being, in resting muscle,

pulled inwards and lengthened by the surface tension of

their fluid contents. Ion-proteins exist in the walls of these

tubules which, under the influence of stimulation, develop

free inorganic ions. The latter augment the potential dif-

ference between the surfaces of the tubules and their fluid

contents; in consequence, the surface tension of the fluid con-

tents diminishes, and the walls of the tubules, partially re-

leased from the inward pull of the fluid contents, recoil

and become shorter and more spherical.

From this review of the various theories as to the part that

surface tension plays in muscular contraction, it may be seen

that the basis of all is largely speculative, and that, highly

ingenious as the theories are, there is but a small amount of

ground common to all of them. There is no agreement on

the point whether surface tension is diminished or increased

in contraction. FitzGerald's observations suggest a de-

crease, the views of Bernstein postulate an increase, Jensen's

theory predicates the abolition of it, while Brailsford Robert-

son's entails positively a reduction, though it is not implied

that there is a diminution of surface.

Two years ago the author (72), in giving an account of

views advanced regarding the derivation of muscular energy

from surface tension, pointed out that we have, in some of

the results of microchemical study of muscle fibre, evidence

that surface tension is a factor in muscle contraction, and
he discUvSsed briefly the significance of this conclusion.
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The evidence is derived from the distribution of potassium
and haloid chlorine in muscle fibre. Both elements are

present, but potassium is especially abundant. From the

analyses of Katz it has been found that potassium is three

and a half times in the striated muscle of the dog, and four-

teen times in the muscle of the pike, as abundant as sodium.

How the potassium salt was distributed in the fibre was
unknown before 1904, in which year the author (71), by the

use of the hexanitrite of cobalt and sodium as a microchemi-

cal reagent for potassium, found it localized in the doubly
refracting discs of the fibres. Later and more extended ob-

servations suggested that in the doubly refractive disc it-

self the potassium is not uniformly distributed, and this

was found to be the case in the wing muscles of certain

scavenger beetles in which the discs are broad, and, therefore,

conspicuous enough to permit of distinct obseivation on
this score. In these fibres the potassium salt was found

localized in the zone of each disc (sarcous element) adjacent

to the light band. Subsequently, Miss M. L. Menten (83),

using the same microchemical method, found the potassium

limited in its distribution in the muscle fibres in a number of

other insects. This distribution is in a band usually very

narrow, in the sarcous element and ordinarily immediately

adjacent to each light band. She determined also that the

chlorides and phosphates have a like distribution in these

structures, and it is, consequently, probable that sodium,

calcium and magnesium have the same localization.

Macdonaid (75) also, using the hexanitrite reagent for the

microchemical demonstration of potassium, made investi-

gations of the distribution of this element in the frog, crab

and lobster, and as a result of his observations holds that the

element in the uncontracted fibril is limited to the sarcoplasm

in the immediate neighbourhood of the singly refractive sub-

stance, while it is abundantly present in the central portion

of each sarcomere of the contracted fibril, that is, in the doubly

refractive material.

As a criticism of Macdonald's results it may be pointed out

that too great reliance is placed on preparations from the

muscle of the frog into which the hexanitrite reagent only

slowly penetrates, and, apparently because of this, altera-

tions in the distribution of the salts occur, in consequence



46 Macallum: Surface Tension and Vital Phenomena.

of which, as the author has repeatedly observed, potassium
may be limited to the doubly refractive bands in one part of

the contracted fibre and to the singly refractive discs in

another part of the same. This is true in very large measure,

also, for the fibres of the crab and lobster. Even in the wing
muscle fibres of insects the same irregularity was observed
by Miss Menten, but such disconcerting results are not so

readily obtained in such fibres, owing, it would seem,

to the readiness with which the fibrils may be isolated and
the almost immediate penetration of them by the reagent.

In such preparations from resting muscle fibre the potassium
undoubtedly, in the vast majority of cases, occurs in a zone
at each end of the doubly refractive band and immediately
adjacent to the singly refractive band.

Whether the potassium is in the sarcoplasm or in the

sarcostyle it is difficult to decide. It is not easy to apply
in microchemical studies of muscle fibre the concepts of

its more minute structure derived from the investigation of

merely histologically stained preparations. All that can
be accepted with any degree of certainty is that the potassium
is limited to the sarcous elements which undoubtedly include

some sarcoplasm.

A difficulty appears here which may be explained. The
application of the hexanitrite reagent should, it may be held,

convert the fresh muscle fibre from the resting to the con-

tracted condition. This undoubtedly happens under cer-

tain conditions and especially when the reagent does not
get immediate access to every fibril of a fibre. When the

sarcolemma effectively interposes as a barrier, the irritant

action of the reagent long precedes its fixative and precipi-

tant actions, and, in consequence, the fibrils of the intact

fibre may show only the contracted condition. To prevent
this it is not of any service to keep the fibres stretched while

the reagent is applied to them. Such fibres are extended
fibres, not relaxed or resting, and they are

exactly in the same condition as those of a muscle which is

loaded so heavily that it can give no contraction at all, or

only the slightest possible one. In this case the fibres have
undergone the physical and physiological changes of con-

traction, but only the resultant effect of these changes,

the shortening, has not been allowed to appear. One must,
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therefore, not regard the fibre extended while undergoing

fixation as illustrating the fibre as it is in the physiologically

relaxed condition.*

This makes it necessary to exercise very great discrimina-

tion in accepting, as illustrating the "relaxed" or "resting"

condition, fibres which have been treated under any condi-

tion with the hexanitrite reagent. This has been borne

in mind by the author in observations on the distribution

of potassium in resting and contracted muscle fibrils.

Now, on applying the Gibbs-Thomson principle of surface

condensation as a test for differences of surface tension, the

distribution of potassium as described for the resting muscle

fibrils of insects would seem to indicate that in the doubly

refractive substance the greatest surface tension is in the

lateral walls of the sarcous element, in consequence of which

the potassium salts are concentrated on the other surfaces of

the sarcous element, i.e., on the borders of the singly refrac-

tive discs. This conclusion would seem to be confirmed by
observations which the author (71) made on the contracted

fibrils of the wing muscles of a scavenger beetle. In these

the potassium was found uniformly distributed throughout

each doubly refractive band, which, instead of being approxi-

mately cylindrical in shape as in the resting fibril, was pro-

vided with a convexly curved lateral wall, and, therefore, with

a smaller surface than the mass of the sarcous element has

when at rest. This contour suggests that either the surface

tension on the two end surfaces of each sarcous element^is

increased, or that the surface tension on its lateral wall is

decreased to an amount below that of either terminal surface,

and this is followed by a redistribution of the potassium

salt to restore the equilibrium thus disturbed. The con-

sequent shortening of all the doubly refractive discs in the

fibril would account for the contraction of the muscle.

The production of a curvature on the lateral wall of the

sarcous element during contraction is attested by many
histological observations, particularly on insect muscle

fibrils which can in the fresh condition be readily separated

from each other, and in which, owing to the thickness of the

fibrils and the lengths of their sarcous discs, the outline of

*A very striking illustration of the contrast between uncontracted and
stretched (extended) muscle fibrils from the wasp is shown in Schafer's article

(99)1 Fig- ii B and C.
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the sarcous element in rest and during contraction can be

observed. It may indeed be held, without undue emphasis

being placed on the known facts, that the thickening of muscle

during contraction is due to the assumption by the lateral

walls of the sarcous elements of each fibril of a more convex

curvature.

There does not, therefore, appear any reason to doubt that

the sarcous elements change in shape during contraction, and,

from the distribution of potassium in these structures during

rest and as well as in contraction, it is certain that differences

of surface tension are a factor in the change of shape, but it

is not clear whether the change is due to an increase of sur-

face tension on the terminal faces or a decrease of surface

tension on the lateral walls of each sarcous element. The
difficulty of deciding this is intelligible. If a drop of fluid

suspended in space and unacted on by gravity were of itself

to assume the form of an ellipsoid, it would be rightly inferred

that the surface having the least curvature, that is, the side,

would on the whole be under greater surface tension than

the surface at the two ends of the ellipsoids possess. If,

further, such a drop were for a moment to assume a more
spherical shape, then one of two things happened: either the

surface tension on the least curved surface decreased or the

surface tension on the most convexly curved surface increased,

but which of the two really occurred could only be determined

when certain conditions were known. In the sarcous ele-

ments the conditions are all unknown, and we cannot, conse-

quently, be certain whether the factor is an increase or a

decrease of surface tension, although certain inferences may
be drawn. Bernstein believes that the factor is an increase

of surface tension in his ellipsoids. This could be brought

about in only one of two ways. Either there must be an

escape from the surface layer of the ellipsoids of a substance

or substances which lower its surface tension, or there is an

electrical double layer on the surface of each ellipsoid which

lessens the surface tension, and when this electrostatic charge

is diminished or abolished the surface tension is increased.

There is at present no evidence that substances escape

from the surface films of the sarcous elements, nor could

such an escape be accounted for if it did occur. On the other

hand, we do not know that an electrical double layer exists
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at the surface of each sarcous element, although it is not im-

probable that such may normally exist; but if so, it must be

excessively weak, for the lateral wall of a sarcous element in

a fibril is under greater surface tension than its terminal

walls, the surface tension of which, from the character of the

interfaces at these points, must be low. To make this

explanation efTective, one would rather have to postulate a

double electrical layer on the terminal interfaces of the sar-

cous elements which would be dissipated before the muscle

fibril begins to contract.

The simplest explanation of the shortening of the sarcous

element, after all, is that the surface tension on its lateral

walls decreases. How that surface tension is lowered is a

question which can be answered only when much more is

known of the nature of the nerve impulse as it reaches the

muscle fibril, and of the part played by the energy set free

in the combustion process in the doubly refractive discs. It

may be that electrical polarization, the formation of an elec-

trical double layer, as a result of the arrival of the nerve

impulse, develops on the surface of the lateral wall, and as a

consequence of which its surface tension would be diminished.

The diminution must be small, the decrease in surface area

must be more than correspondingly small, and, therefore, the

product of these two values, the surface energy, developed

in contraction of a sarcous element of a fibril, must be very

minute indeed. When, however, it is recalled that a single

fibril of 20 mm. length may contain thousands of such sar-

cous elements, and that there may be, as Bernstein estimates,

over thirty million of such fibrils in a square centimetre of

cross section of muscle, it is obvious that the total surface

energy set free must be sufficient to account fully for the

absolute contractile force of muscle.

The energy thus liberated appears as work, and it is re-

placed by energy, one may suppose, derived from com-

bustion of certain materials in the doubly refractive discs.

In this case the disturbance of surface tension would be prim-

ary, while the combustion process would be secondary in the

order of time. In support of this explanation may be cited

the fact that the current of action in muscle precedes in time

the contraction itself; that is, the electrical response of the

stimulus occurs in the latent period and immediately before

the contraction begins,
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It may, however, be postulated, on the other hand, that the

chemical changes occur in those parts of the doubly refrac-

tive disc immediately adjacent to the singly refractive bands,

and as a result the tension of the terminal surfaces is increased,

this resulting in the shortening of the longitudinal axis of

the sarcous element and the displacement laterally of its

contents. This would imply that the energy of muscle

contraction comes primarily from that set free in the com-

bustion process and not indirectly as involved in the former

explanation.

Whatever may be the cause of the alteration in surface

tension there would seem to be no question of the latter.

The very alteration in shape of the doubly refractive disc

makes it imperative to believe that surface tension is concerned.

The redistribution of the potassium which takes place, as

described, in the contracting fibrils of the wing muscles of

the scavenger beetle can be explained in no other way than

through the alteration of surface tension.

In smooth muscle fibre a different structure obtains, al-

though efforts have not been wanting to show that there

also prevails a system of fibrils and striation like that in stri-

ated fibre, though more obscure or less well defined. The
evidence for the existence of fibrils, myofibrils as they are

called, seems, on the whole, clear, especially from the re-

sults of C. McGill's (79) observations, but it is not so cer-

tain that the nodular enlargements occasionally found on

these represent a constant or characteristic feature. There

is, further, not a united voice about the character of the

contraction. According to Heiderich (46), the cross-sectional

area of the smooth fibre in contraction is very little, if at all,

greater than that of the uncontracted fibre. Meigs (82)

also arrived at this conclusion, for he found that, though the

contracted fibres have shortened, the cross-sectional area

of each is the same, and, in consequence, infers that something

in the form of a fluid has passed from the interior of the fibre

into the interstitial spaces. McGill, on the other hand,

found that the contraction of the fibre is a result of a con-

siderable increase of its cross-sectional area which sweeps

as a wave over the length of the fibres from one end to the

other, and that this wave only rarely, as in arterial muscle,

comprehends the whole length of the fibre. Wherever the

contraction wave obtains in the fibre that part is swollen, its
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cytoplasm stains much more deeply than that of the rest of

the fibre, and the portions of the myofibrils in it also stain

more deeply and are thicker. Meigs found the contracted

part stain deeply, but Henneberg (50) claimed that they
stain less than the uncontracted portions of the fibrils.

The author's own observations on carefully hardened and
stained preparations of the smooth muscle fibre in the mus-
cularis of the intestine of Necturus and frog agree

in the main with those of McGill. The contraction wave
does involve a thickening of the fibre, not over the whole of

the latter ordinarily, but of part of it, and in this thickened

portion the cytoplasm stains much more deeply than does
the rest of the fibre. Further, the thickening, which may in

diameter be twice that of the relaxed portion, passed grad-

ually into the uncontracted part at either end. There may
be several nodes of contraction on a fibre separated by long

or short stretches of uncontracted zones.

In the cytoplasm of smooth muscle fibre potassium is

present only in the faintest traces, and microchemical tests

for chlorides an.d phosphates show that these also are equally

scanty in quantity; consequently, there is very little in-

organic material inside the membrane. Outside the mem-
brane and between the fibres potassium salts are very abun-
dant, as the use of the cobalt reagent shows, and the distri-

bution is uniform throughout the interstitial spaces. The
salt of potassium most abundant is the chloride, for appli-

cation of a solution of silver nitrate, containing nitric acid,

to the teased-out, fresh material, followed by exposure of the

preparation to bright sunlight, gives a marked "reduction"
effect everywhere in the spaces between the fibres. The
quantity of potassium present is in marked contrast with that

which obtains in the interstitial spaces in other tissues,

e.g., in those between nerve fibres in a thick nerve. Whether
the potassium exists at all in the membrane of the smooth
fibres cannot be determined, for, although the cobalt preci-

pitate is found in intimate connection with the membrane,
the latter is so thin that no certain conclusion can be drawn
on the matter.

In smooth muscle fibre, then, potassium is distributed

very differently from what it is in striated fibre, and on first

thought this does not appear to offer an explanation that will

place the contraction of smooth muscle fibre in line with that
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of Striated fibre, but a closer examination of the facts re-

veals otherwise. The extended, fusiform character of the

fibre indicates that surface tension is greatest on the longitu-

dinal surface and least on the ends. If the tension were uni-

form over the whole surface of the fibre, the latter would

tend to become spherical. A diminution of the tension

on the longitudinal surface, or an increase of tension towards

and at the ends of the fibre, would have the same effect. A
partial diminution of the tension sweeping as a wave over the

whole extent of the fibre would account for the thickening of

contraction observed. In this respect smooth muscle is

like striated muscle, the main difference being that in striated

fibre the structure permits a much more rapid transmission,

over the whole surface of the fibre, of the alteration in surface

tension.

How the diminution of the tension is brought about can

only be a matter of conjecture at present. It may be due

to a contact difference of potential developed at the mem-
brane-interstitial lymph interface through the arrival there

of the nerve impulse which may involve an electrical dis-

turbance. The electrical double layer developed at a point

on the membrane would not be restricted there, but would

sweep over the whole extent of the surface of the fibre, and as

it progressed it would produce a diminution of tension.

What the significance of the condensation of potassium in

the interstitial spaces of smooth muscle fibre is cannot be

explained at present. Analysis of the sodium and potassium

in smooth muscle shows that the latter is more abundant

than the former, though the preponderance is not as great as

it is in striated fibre.* This leads one to conclude that

potassium plays some part in the function of contraction.

It is of special interest to note here that the potassium ions

have the highest ionic mobility (transport number) of all

the elements of the kationic class, except hydrogen, which

are found to occur with living matter. Its value in this

respect is half again as great as that of sodium, one-eighth

greater than that of calcium and one-seventh greater than

that of magnesium. This high migration velocity of the

potassium ions indicates that they possess special properties

which would make them of special service in rapid changes

* From unpublished data of the author.
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of surface tension in the case of striated muscle fibre, as
assisting in the tendency to uniform distribution of energy
throughout the volume of the sarcous element.
That a solute, e.g., potassium salt, subjected to surface

condensation in a system like that represented in a sarcous
disc, may be rapidly, even instantaneously, redistributed in

consequence of changes in surface tension follows from the
observations on the changes of tension in drops of soap
solution. By the experiments of Lord Rayleigh (91) with
vibrating jets of such a solution it was found that the surface
tension of the jet i/ioo of a second after the formation of

the surface was near that of pure water, while Lenard (64),
by experiments with vibrating drops whose time of formation
was greater than 1/4 of a second, found the surface tension
of a soap solution of corresponding strength (1:1000) less

than half that of pure water and rather near the stationary
value of the surface tension of a soap solution. Somewhere
then, in the case of soap, in time between i/ioo of a second and
1/4 of a second the molecules of soap have been redistributed

so as to adjust the energy uniformly throughout the drop,
and, therefore, it is not improbable that potassium salts, and
especially potassium chloride, which occur in the doubly
refractive bands of striated fibre, would be, as a result of an
alteration of surface tension in each sarcous element, very
rapidly redistributed throughout the latter, though, perhaps,
not so rapidly as the soap molecules throughout the much
larger system of a drop or vibrating jet.

It is, however, well to assume that potassium ions have
other functions in living matter than the equilibration of

energy throughout a system. Loew (69) has specially pointed
out that potassium in the condensation processes of the
synthesis of organic compounds has a catalytic value very
different from that of sodium. For example, ethyl alde-

hyde is condensed with potassium salts to aldol, with sodium
salts to crotonic aldehyde (Kopf and Michael). Potassium
is, but sodium is not, effective in the condensation of carbon
monoxide. When phenol is fused with potassium salts con-
densation products such as diphenol are produced, but when
sodium salts are used the products are dioxybenzol and
phloroglucin (Barth). Further, the activity of potassium
contrasted with that of sodium is shown in its behaviour with
pyrrol. When the metal is brought in contact with pyrrol
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it combines with the latter at ordinary temperatures, whereas

sodium combines with pyrrol only at very high temperatures.

It is, therefore, not improbable that potassium, along with

those properties which are associated with its ionic mobility,

has a special value in the metabolism of the doubly refractive

discs of striated muscle fibre and in the condensation syn-

theses which characterize the chromatophors of Protophyta

(Spyrogyra, Zygnema).

(c) IN SECRETING AND EXCRETING CELLS.

In all secreting and excreting cells in a gland constructed

on the tubular plan there must be at least three different

values of surface tension. On the outer face, that is, on the

cell-lymph interface, the tension must be different from that

which obtains where the cell wall is in contact with the other

cells of the tubule, and the tension on the cell-cell interface

must be different from that which obtains on surface bor-

dering the lumen of the tubule.

This general conclusion, founded on theoretical consider-

ations, has been fortified by direct observations on the dis-

tribution of potassium salts in the pancreas and kidney of

various vertebrates.

In the pancreas of the rabbit and guinea-pig the author

(71) found an extraordinary condensation of potassium salt

in the cytoplasm of each cell adjacent to the lumen of the

tubule and extending for some distance from this part along

the lateral walls of the cell. During all the phases of activity,

except possibly that of the so-called "resting stage" of the

gland cells, the potassium salts are confined to these sur-

faces inside the cell. These results were obtained in pre-

parations of the fresh pancreas which had been teased out in

the cobalt reagent in which they were allowed to lie for some
time, then washed thoroughly in ice-cold water and mounted
in a mixture of glycerine and ammonium sulphide.

More recent investigations have confirmed these obser-

vations. These investigations were made in a different way.

Fresh pancreatic material was cut in a C02-freezing micro-

tome, and the thin sections were allowed to fall, while still

frozen, into a quantity of the cobalt reagent where they

were allowed to lie for some time, ten minutes or so, before

they were washed with ice-cold water and mounted in the
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glycerine-sulphide mixture. Such preparations gave the
distribution of potassium, not only inside the cells of the
pancreatic tubules, but also on their external surfaces.

In such preparations the potassium was found distributed
as described in the case of the teased-out preparations, that
is, it was condensed in the cytoplasm on the lumen border
and along the lateral walls of the cell even as far as the ex-
ternal surface of the tubule; but one additional fact was re-

vealed, viz., that on the external surface of each tubule there
was a very marked condensation of potassium salts. Inside
of the cells on the external surface of the tubule no potassium
was found. These results were obtained in preparations of
the dog, rabbit, guinea-pig, cat, frog and Necturus.
During the last session (1911-12) Dr. R. D. Defries under-

took to reinvestigate the relation of potassium salts to se-

cretion in the salivary and pancreatic glands and in the
glands of Brunner in the cat, dog, guinea-pig and rabbit,
and he has obtained results* in all these which confirm the
findings given above. In these glands when in activity,
there is, in the cytoplasm of each cell immediately adjacent
to the lumen of the secreting tubule, a condensation of
potassium salts which is absent during "rest", that is, while
the cells are not secreting. In the submaxillary glands
this condensation may be quite marked. In the pancreatic
cells during activity the condensation frequently extends
along the lateral walls, and this is the case also in Brunner's
glands. On the external surface of the tubules, in all these
glands, there is more or less condensation of potassium,
which, however, may be considerably reduced, or even
occasionally absent, in the active gland.

1 hese resultb m.ay be explained only in one way. On the
Gibbs-Thomson principle there must be inside the cell a
low tension on the cell-lumen interface, a slightly higher
tension on the cell-cell interface and a still higher tension at
the external surface. What this involves in the way of ex-
plaining the phenomena of secretion in the pancreatic cell

cannot be discussed, for, beyond the formation of zymogen
during the resting condition of the cell, the conversion of the
zymogen granules into dissolved material, a part of which is

formed to enzymes, and the transport of this material to the

* These results, it is hoped, will be published shortly.
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lumen of the gland, we know very little, and the processes

comprehended in all the stages of this secretory activity are

exceedingly difficult to investigate. Nevertheless, the low ten-

sion at the lumen border and the high tension at the base of

the cell cannot but be a factor, probably a very important
factor, in promoting all that activity ; in other words, differ-

ences in surface tension of a cell are primarily contributory

to its secretory activity.

What part the potassium salts play beyond assisting in

equilibrating the energy throughout the cell is also un-

known. That they do play a special part follows from the

quantity of potassium present. Stoklasa (loi) found, as a

result of analyses of the dried pancreas of the pig, that it

contained 2.08 per cent, of potassium and 0.28 per cent, of

sodium, while the two elements in the dried material of ox
muscle are, as he determined them by analyses, 1.82 and
0.26 per cent, respectively.* Some of the potassium of the

pancreas must belong to that found adsorbed from the lymph
on the external surface of the tubule, but this cannot be great

unless we suppose that sodium salts are much less adsorbed,

a supposition for which we can as yet find no support.

Even in the ash of the saliva potassium exceeds the sodium,

for Hammerbacher (45) found in his analyses the two ele-

ments to be respectively 37.4 and 7.0 per cent., while Jacobi

(53) obtained in two series of analyses 35.69 and 35.88 per

cent, for potassium and 21.61 and 32.91 per cent, for sodium.
The occurrence of a surface condensation of potassium

outside the tubule on the base of each cell is an indication

that, as compared with that of lymph, the surface tension

of the cell-lymph interface is lower than it is on the surface

of a connective tissue element where there is very little

adsorption of potassium. If potassium salts constitute an
important factor in secretion in the pancreas, then any in-

fluence that decreases still more the surface tension of the

lymph, oriincreases the surface tension at the base of each
pancreatic cell, would promote a greater adsorption there of

potassium salts. Have we in this increase of
surface tension an explanation of the
action of secretin, or of the effects of

* Stoklasa gave the values in KiO and NaiO.
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Stimulation of the vagus, in the experi-
ments of Pavlov, on the pancreatic
cells?

In the kidney of vertebrates the part played by surface
tension is much more striking and more readily explainable.

Two years ago the author (72) described the results of an in-

vestigation which he carried out on the microchemical local-

ization of the potassium in the renal cells of the frog. In this

animal under ordinary conditions the renal cells were found
to be active in the elimination of potassium salts from the
blood, and, therefore, it was not possible to determine readily

whether differences of surface tension obtained in them.
Under certain conditions, however, these differences were
demonstrated to occur. In the blood of frogs kept in the
laboratory tanks throughout the winter season, the salts,

because of the long period of inanition, are reduced to almost
hypotonic concentration, and, in consequence, the amount of

potassium in their renal cells is greatly reduced. Into the
dorsal lymph sacs of some winter frogs a few cubic centi-

metres of a decinormal potassium chloride solution was in-

jected, and after twenty minutes the animals were killed and
the kidneys removed. Sections made immediately from
these with the C02-freezing microtome, dropped while frozen
into the cobalt reagent for a few minutes, then washed care-

fully in ice-cold water and mounted in a mixture of glycerine
and ammonium sulphide, revealed a condensation of potas-
sium immediately adjacent to the lumen in the cytoplasm
of the cells of certain of the tubules. In such cells the po-
tassium of the potassium chloride injected was being excreted,

and the condensation of the element near the lumen was
regarded as evidence that the surface tension was less there
than at the other extremity of the cell.

Since then Mr. C. P. Brown has carried out observations
along this line under the author's supervision, and the results

he has obtained corroborate, on the whole, the views advanced
two years ago.* He employed in his investigations the
kidney of the frog, Necturus, cat, dog, rabbit and guinea-
pig, and the methods which he used were those employed
earlier by the author. Care was taken to use only material
fresh from the normal animal, which was at once on removal

* The results of Mr. Brown's investigations are in the course of publication.
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sectioned in the C02-freezing microtome, and the sections

placed, while still frozen, in the cobalt reagent for a few
minutes. The reason for the exercise of this caution was to

prevent the redistribution of the salts which might occur on
thawing before the reagent penetrated the tissue. The
sections were on removal from the reagent carefully washed
in ice-cold water and mounted in the glycerine-sulphide

mixture. The best sections, on the whole, were those of a

thickness of io/a.

In such preparations Mr. Brown found striking indica-

tions of the surface condensation of potassium. In the winter

frog wherever it was found, the condensation was on the

outside of the tubules and in the cytoplasm of the renal

cells immediately adjacent to the lumen of the tubule.

With the exception here and there of a slight deposit of po-

tassium along the lateral walls of the cells, the rest of the cy-

toplasm was free from the elements. In convoluted tubules

of the cat, rabbit and guinea-pig, similar results were obtained,

but the most striking evidence of surface condensation was
observed in the kidney of the dog. In this animal the great

majority of the convoluted tubules were in this way con-

trasted with the other tubules, which only rarely showed
any evidence of surface condensation. An illustration of

the way in which the convoluted tubules develop surface

condensation of potassium is seen in Fig. 15. Here the

potassium is densely collected on the outside of the tubule,

that is, on the cell-lymph interface, and also more densely

in the cytoplasm immediately adjacent to the lumen. Some-
times a portion of a convoluted tubule would for some ex-

tent of its length give no evidence of condensation either

within or without. Again, on the external surface of one
or more cells in a transverse section of a tubule, there would
be no condensation, but in such cells there was wanting also

frequently a condensation at the lumen.

The significance of these facts is not far to seek. The
condensation in the cytoplasm next to the lumen of the tu-

bule is an indication that the surface tension of the renal

cells is lowest on the border of the lumen. In this conden-
sation other salts must participate, and perhaps, also, urea

and other organic, excretory products, all of which would
be as strikingly demonstrated as are the potassium salts,
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had we delicate, microchemical reactions for them. Now,
along the cavity of the lumen passes the dilute glomerular

secretion with, probably, a high surface tension, and, in

consequence, at the interface it forms with the surfaces of the

cells of the tubules, its surface tension is probably higher than

that of the cell surfaces bordering the lumen. This would
involve a diffusion, chiefly from the constituents of the sur-

face condensation in the cytoplasm, into the glomerular

secretion, which, as it passes down the length of the lumen,

becomes more and more concentrated until, finally, it reaches

those parts of the renal tubule in whose cells there is no
surface condensation. Whether there is a diffusion of the

glomerular secretion into the cells possessing a surface con-

densation cannot be determined, but it is likely that there is,

as it is impossible to conceive that diffusion of the salts into

the lumen could otherwise take place.

If, however, this diffusion into the cells occurs, it would
tend, it may be supposed, to raise the surface tension of the

lumen wall of the cell, and then the surface condensation

would disappear. This would, on the explanation given,

involve a cessation of excretory activity on that part of the

tubule.

How the low tension on the lumen side of the renal cell is

maintained cannot be determined, but some factors in this

process may be suggested. The condensation probably

exceeds the value given in Gibbs' equation. Indeed, the

fact that practically no potassium is present in the cyto-

plasm of those cells in which there is a marked condensation

of potassium next to the lumen is strong evidence that a

much greater concentration of the potassium occurs there

than the equation would imply. In Lewis' determinations

the potassium adsorbed on the surface of oil drops in a so-

lution of potassium chloride was thirty times the amount
calculated from Gibbs' equation. It is therefore not un-

reasonable to suppose that adsorption in excess of the cal-

culated value may obtain in the renal cells. This excessive

concentration would, as explained, lead to the formation of

urine of high concentration, a concentration in salts and meta-

bolites ordinarily far in excess of that of the blood plasma.

Such a concentration involves expenditure of energy, and the

energy so expended is surface energy. To furnish this energy
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the metabolism of the cell must be so controlled that low sur-

face tension on its lumen border may be maintained, or that a

higher one at the external surface of the cell should be de-

veloped and continued. The energy involved here must
come from the combustion of material in the cell. On this

point there are some decisive data. From the investigations

of Barcroft and Brodie (3, 4) it is known that the kidney

during diuresis absorbs a very large quantity of oxygen.

For instance, in one of their series of experiments the kid-

neys in a dog, during diuresis, absorbed 1 1 per cent, of the total

oxygen absorbed by the body of the animal during that

period, although they constituted less than i per cent, of the

total body weight, and in all such experiments the oxygen
absorbed by these organs in diuresis much exceeded that ab-

sorbed per gram weight by the body generally. These
authors are led to conclude that a copious flow of urine,

whatever its concentration may be, is accompanied by in-

tense chemical activity in the kidney. Assuming that the

oxygen absorbed is used up in the oxidation of a proteid,

and estimating the energy expended in producing the urines

of the concentration they obtained, they calculate that on

the average only 1/220 of the energy liberated by the oxi-

dation is represented by the concentration of the urine.

That the oxidation is completed there, and also that the en-

ergy arising from the oxidation is expended there, appear

to be shown by the fact that the sum of the quantities of

oxygen taken in by the kidney during the periods it was under
observation was almost exactly equal to the sum of the quan-
tities of carbon dioxide set free.

But why the large amount expended? It is obvious that

a very considerable portion of it is to be accounted for on the

principle of the "factor of safety" which, as Meltzer has

pointed out, prevails in other organs of the body, but there

remains an amount of energy the expenditure of which can-

not thus be explained, unless it be that in the kidney, of all

the organs of the body, the "factor of safety" is given an ex-

traordinary magnitude. We may, however, account for it

by supposing that whether the glomerular secretion is or is

not flowing down the lumina of the tubules, the difference in

surface tension in the cells of the convoluted tubules must be

continuously maintained, and that what this means in the

way of expenditure of energy may be very great.
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What part in this maintenance of difference in surface

tension is played by the potassium present is obscure, but

that the element does play a part is indicated by the quantity

present in the kidney, Mr. C. P. Brown has determined

the quantities of sodium and potassium in the kidney of the

frog to be 0.188 and 0.1905 per cent, respectively, and in the

kidney of the dog the percentages were 0.1777 and 0.2355.

Here, indeed, we have a high concentration of potassium

which cannot be explained by supposing that organs as

analysed contained a large quantity of blood. The sodium
could be accounted for by supposing that a large portion of

it as chloride is derived from the lymph, which, however, is

poor in potassium. It may be that the quantity of po-

tassium present in the kidney is only a specific instance of a

general fact, namely, that in all living matter potassium is

more abundant than sodium.

In spite of the obscurity that affects a number of points

in the excretory function of the kidney, there are the facts

described, which indicate what are the main forces involved

in the exercise, of that excretory function. There is,

first of all, the condensation on the
exterior surface of the convoluted
tubules, this condensation involving
not only potassium but probably, also,
all the other solutes of the blood plasma
and lymph, though not in concentra-
tions corresponding to those obtaining
in the latter fluids. The concentration
of a solute, like potassium salt, in this
condensation layer would then bear no
direct relation to its concentration in
the lymph and plasma. Now, the close
association of such a condensation with
the surface of the renal cells would
permit the latter to receive by diffusion
some of the condensed solutes. Owing
to the low tension on the lumen surfaces
of the cells acting through the Gibbs-
Thomson law, the solutes absorbed would
be swept through the cell to the surface
of low tension where they would undergo
surface condensation. This condensation may
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far exceed the concentration on the lymph-cell interface,

but this would depend on the rate of flow down the tubule

and on extent of the metabolic processes in the cell which
bring about the differences in surface tension.

Differences in surface tension appear to be a factor in in-

testinal absorption also. The facts in regard to this have

not been specially investigated, but enough are known to

make out a prima facie case in support of this thesis. In

the author's observ^ations (70) on the absorption of

iron salts in the intestine of the guinea-pig, it was
found not infrequently that after "peptonate" of iron had
been administered with the food of the animal the iron

demonstrated was condensed at the basal surfaces of the epi-

thelial cells of the villi. When also potassium salts are being

absorbed by these cells it is rare to find potassium in the cyto-

plasm adjacent to their free borders, although it is condensed

along the cell-cell interfaces and in the cytoplasm next to

the basal surfaces of the cell. In the absorption of fats the

epithelial cells of the intestine, as a rule, show a greater con-

densation of fats in the cytoplasm at the basal ends of the

cells than elsewhere in the epithelium.

These facts permit us to suggest that in the epithelial

cells of the intestine the highest surface tension is on the free

border and the lowest at the basal ends of the cells. If this

should ultimately prove correct, then the process of absorption

would be explained by the application of the Gibbs-Thom-
son principle. There would be a surface condensation of

solutes in the intestinal fluids on the external free surface

of each cell, and whatever diffused into the cells would be

swept through their cytoplasm to the surface of low tension

on the basal border on which the lymph of the cell-lymph

interface has a surface tension which is probably different

(higher?) from that of the basal surface of the cell.

If this view of absorption is correct, then there is no funda-

mental difference between absorption, on the one hand, and
secretion and excretion, on the other. These three functions

would then be explained as due to the capacity which the

cells concerned have of maintaining differences of surface

tension on their two activ^e cell surfaces, and while these

differences would be maintained the Gibbs-Thomson prin-

ciple would continuously operate.
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{d) IN NERVE CELLS AND NERVE FIBRES.

When a nerve is cut there occur the well-known phenom-
ena of degeneration in the fibres on the distal side of the sec-

tion. On the central side changes are found also in the fibres,

but they are chiefly of the reparative type. The soft col-

loidal substance of each axon fiows out, as it were, beyond
the cut end, and this movement, comparable to the extension

movement of am.oeboid organisms, continues, either until

the outflowing material enters and occupies a neurilemmal
tube of the degenerated distal strand of fibres, or, failing that

achievement, ultimately the nerve cell from which the col-

loidal outflow primarily proceeds itself degenerates.

The whole of the process involved in the regeneration of

nerve fibres suggests strikingly that surface tension is primarily

involved. Indeed, the development in the first place of the

axon from the embryonic nerve cell is, it must be inferred,

due to a high surface tension on the latter, accompanied by
a low tension at the terminal point of the extending axon.

The fact that , the axon is maintained throughout the life

of the normal nerve cell as an extension of the cytoplasm
of the latter is also an indication of the prevalence of a con-

stant difference between the surface tension of the surface

of the cell body and that of the surface of the axon.

That this is not wholly a-prioristic is shown by the results

of microchemical investigation of the nerve cell and nerve
fibres. The author's observations published seven years ago
showed that potassium is abundant along the course of the

axon and apparently on its exterior surface, while it is present

only in traces in the nerve cell itself. In the latter chlorides

are present only in traces, and, therefore, sodium, if present,

is there in more minute quantities, while chlorides are abun-
dant along the course of the axon. Macdonald (76) also

found potassium in the nerve fibre, and his observations in

the main confirmed the author's. He held that the ele-

ment is in a "masked" condition in the axon, and that it is

demonstrable only in the parts of the axon which have under-
gone injury. The potassium set free diffuses from an in-

jured point into the adjacent portions of the nerve fibre,

and this phenomenon is accompanied by an electrical phe-

nomenon, the injury current, which, traversing the fibre,
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polarizes it and gives rise to the appearance of a new mass
of potassium solution, accompanied by appearances char-

acteristic of coagulation at the cathodal region.

The author has more recently reinvestigated the question,

and as a result finds that when cross sections of a fresh nerve

made with the C02-freezing microtome are dropped, while

still frozen, into the cobalt reagent, and later treated to bring

out the potassium reaction, the latter is found in the myelin

sheath and between the axon and the sheath (Fig. i8).

In the latter case the potassium is not abundant, but it must
be noted that the section itself is only about lO/i thick, and

that the extent of the axon included is only a little more than

the diameter of mammalian red blood corpuscle. That in

nerve fibres teased out in the cobalt reagent the quantity of

potassium demonstrated at any point should appear more

abundant is not surprising, for the reagent only slowly pene-

trates the fibre at the nodes of Ranvier, and this causes cur-

rents of diffusion to set up within the medullary sheath,

with the result that inequalities in the distribution of potas-

sium along the surface of the axon occur. This may lead

to considerable accumulations of the cobalt potassium salt at

a point (Fig. 17) which, if their mode of production is not

recognized, may give confused ideas regarding the distri-

bution and amount of potassium along the course of an axon.

The quantities of varying magnitude of the potassium in-

volved, if uniformly distributed along the fibre, would not

be more abundant than is the potassium revealed in the

lOAi-length pieces of the axons in the cross sections of the

nerve made with the freezing method.

The special point to note, however, in these sections, as in

the teased-out preparations, is the occurrence of the potas-

sium salts, as indicated, between the medullary sheath and

the axon. As Macdonald has pointed out, the transverse

diameters of the axons in these preparations are nearly

always less than those of the fresh fibres, and, consequently,

the free space between the medulla and the axon shown in

the cobalt preparations is an artefact. One must conclude,

in consequence, that the potassium revealed in this free

space must have been derived from the shrunken axon,

whether from its surface or from immediately inside its
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surface as the author holds, or from the more central as well as
from the peripheral substance of the axon in cross section,
as Macdonald postulates.

Macdonald's view that the potassium in nerve fibre in
the uninjured condition is in a "masked " condition the author
finds difficult to accept. Monovalent kationic elements
are not known to enter into the "masked " condition. Mon-
ovalent anionic elements can do so, as, for example, chlorine
in the case of chloroform. Divalent and trivalent kationic
elements are known to enter into the "masked" condition
in certain of their organic compounds. Potassium, however,
when it displaces hydrogen in an alkyl or aryl group, is quickly
removed from the compound when the latter is treated with
water. An illustration of this is seen in potassium pyrrol,
which at once decomposes when brought into contact with
water. The cobalt reagent containing a strong concentra-
tion of nitrous acid cannot be less effective in this respect
than water, and, consequently, any organic compounds of
potassium in the axon would be readily revealed. More-
over, the prevalence of haloid chlorine in considerable abun-
dance in the ajion, as revealed by treatment of nerve fibre
with silver nitrate in a dilute solution of nitric acid, followed
by exposure to bright sunlight, shows that there must be
some kationic element present to form the chloride com-
pound, and if this element is potassium, some of it cannot be
in a "masked" condition.

That potassium is specially abundant in the axons of
nerve fibres seems to be suggested by the analyses of Alcock
and Lynch (i), who have found that in medullated nerve
fibres the percentage of potassium is 0.284, while in connective
tissue it is 0.043, and they conclude from their determinations
that in the axons it cannot exceed 1.17 while the chlorine
cannot exceed 0.722. It would, therefore, appear that a
large part of the potassium in nerve fibre is combined with
some other anion than chlorine.

It is not a matter of moment at present whether the po-
tassium of the axons of nerve fibres is immediately inside
the surfaces of the axons, as the author holds, or uniformly
distributed throughout the substances of the axon, as Mac-
donald claims. The point of special importance to note is

that potassium is specially abundant in nerve fibres. This
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is emphasized not only by Alcock and Lynch's determina-

tions, but also by those of Geoghegan (41) and Mr. Allman
Fletcher. In Geoghegan's analyses the potassium in the

human brain exceeded the sodium by fifty per cent, at least,

and in one case by nearly one hundred per cent. Air. Fletcher

found that in the cerebrum of the sheep the potassium is

0.331 per cent, and in proportion to the sodium as 100 is to

57.4.* It is thus evident that in nervous tissue potassium

far exceeds sodium in amount.
Potassium, abundant though it apparently is along the

course of the axon, does not occur inside the nerve cells

themselves, or if it does occur in them, it is only in quantities

so minute as to be beyond the capacity of the cobalt reagent to

demonstrate it. Hence, the potassium shown to be so large

in amount in the cerebrum must be present chiefly in nerve

fibres and in structures outside the nerve cells themselves.

That the amount external to the nerve cells is great is shown
by treating frozen sections of fresh ganglia, preferably the

Gasserian, appropriately with the cobalt reagent to demon-
strate the potassium present. In such preparations there is

found a very considerable condensation of the element on
the surface of each nerve cell. This indicates that the sur-

face tension of the lymph at the lymph-nerve cell interface

is low, and, in consequence, other solutes than potassium salts

are condensed there also, but Geoghegan's and Fletcher's

determinations would seem to suggest that perhaps potas-

sium is more abundant than sodium in that condensation.

Now, the condensation of potassium on the surface of the

body of a ners^e cell, the absence of potassium in its cytoplasm,

and the occurrence of potassium salts in apparently a very
considerable concentration along the course of the axon,

w^hether wuthin its medulla-axon interface or distributed,

as Macdonald holds, uniformly throughout the axon, is

extremely significant. It is the effect of the
action, in nerve cells and their prolon-
gations, of the G i b b s - T h o m s o n principle
of surface condensation due to differ-
ences of surface tension on the surfaces
of the nerve cell and of its axon. We have

* The determinations were made in the Biochemical Laboratory of the
University of Toronto, The results will be published shortly.
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here, therefore, a confirmation of the generalization ad-
vanced above, that the permanent maintenance by the nerve
cell of an axon is due to the maintenance of a difference

in surface tension between the body of the nerve cell, on the
one hand, and the axon, on the other. Just as the soft col-

loidal substance of the axon in the regenerating nerve fibre

flows out of and beyond the cut end of the latter, because
of this difference of surface tension, so any potassium salt

that may be absorbed by the cell body from the potassium
salts condensed on its surface is swept, through the action

of the Gibbs-Thomson principle, into the region where the
lowest tension prevails, that is, into the axon, even to its

extreme end.

It is this which makes intelligible why the nerve cell is

free from potassium. Otherwise it would have to be sup-
posed that the surface of the nerve cell is impermeable to

potassium salts, while the surface of the axon is permeable.
If this were the correct explanation, it would indeed be dif-

ficult to understand how the potassium could get through
the medullary sheath to the axon in such a quantity as has
been demonstrated to be present there, as it is only very
slightly condensed on the neurilemma-lymph interface of the

nerve fibre. The condensation of potassium
salts in the axon is, then, the effect of
the constant action in the nerve cell of
the Gibbs-Thomson principle.
The conclusions that follow from this are of special interest.

We know that electrical polarization of ever so slight a char-

acter occurring at a point on the surface of a drop of mercury,
water, or some other fluid, lowers correspondingly the sur-

face tension at that point, and if solutes are present in the drop,

these, in consequence of the alteration of surface tension, are

redistributed so rapidly that a condition of complete
equilibrium may be attained in less than a small fraction of

a second. Lenard (64), it may be pointed out once more,
found in drops of soap solution (i:iooo) 1/4 of a second
after they were formed that the tension had a value

of less than half that of pure water and rather near the sta-

tionary value of such a soap solution, while Lord Rayleigh

(91) found that in vibrating jets the surface tension of a so-

lution of soap of like concentration i/ioo of a second after

the formation of the surface, was found to be near that of
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pure water. This makes it evident that the distribution of

solutes is rapidly affected by changes in surface tension.

In a nerv^e cell, which may be considered to be of a sem.i-viscid,

semi-fluid character, any temporary alteration of surface

tension ever so slight will instantaneously and correspond-

ingly affect the distribution of the salts condensed along the

course of the axon. If the alteration of surface tension

exists for only a minute fraction, e.g., i/ioo of a second, the

redistribution of the salts in the axon, though initiated, would

involve only an infinitesimal amount of shifting along the

axon, but an immediate replacement would occur on the

re-establishment, in the next i/ioo of a second, of the pre-

vious value of the surface tension.

Now, each alteration, however slight, in the distribution of

such salts would be a progressive one along the course of the

axon, and as the redistribution must begin at the central end

of the axon, it would initiate there a change of electrical po-

tential which would be transmitted, with the displacement of

the potassium ions at each point in succession, along the axon

to its termination. This change of electrical potential as

it progresses along the axons would constitute the current

of action, and it would occur as often as a change of tension

could occur on the surface of the nerve cell.

What a nerve impulse fundamentally involves in the axon

is not yet fully known, but it is always accompanied by, if

not constituted of, the change of electrical potential which

is known as the nerve current of action, and which is as rap-

idly transmitted as is the nerve impulse itself. It may,
in the final analysis, be found that the
current of action itself constitutes t he
essential part of the nerve impulse. As

postulated in the discussion on the effect of surface tension

in muscle fibrils, the arrival at the surface of a sarcous disc

of this current of action would bring about there electrical

polarization and thus alter the surface tension of the disc,

developing, in consequence, contraction or shortening of

the disc. Here the current of action would perform all the

functions that a "nerve impulse" is supposed to perform.

So in the nervous system the transmission
of a nerve impulse from one part to an-
other could be effected through the change
of electrical potential transmitted
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along an axon through its s^^naptic ter-
minals to the surface of another nerve
cell, to produce there a contact differ-
ence of potential and thus alter its sur-
face tension. The axon of this nerve
cell would thus experience a momentary
and slight shifting in position of its po-
tassium salts, and in it would thus arise
a corresponding current of action which
would proceed along the course of the
axon to its termination, wh ether in the
immediate vicinity of another nerve cell,
or in a gland, or in a motor structure. The
arrival of the current of action at any one
of these terminal points would affect
the surface tension there, and call forth
effects commensurate with the result-
ing change in surface tension.
That the nerv^e impulse is nothing more than the current

of action would appear to follow from what we know of the
effect of stimulation of a cut nerve, e.g., the ischiadic in the
frog. Here the axon is cut off from the nerv^e cell itself, and,
in consequence, the surface tension of the axon must, for a time,
remain practically uniform if the physical conditions about
the cut end are not immediately altered. If now electrodes are
applied and a slight electric shock administered, the surface
tension in the region immediately affected by the current should
be lowered, and there should result a slight shifting of potassium
salts, which should sweep in a wave-like fashion over the axon
to its terminals, producing the current of action and causing
contraction of the muscles supplied by the nerve. The ap-
plication of chemicals or of heat gives rise to a current of
action, and the muscle contracts. This also may be explained
by the effect that these agents have on the surface tension
at the point where they are applied. Suddenly effected

deformations of the axons would also alter surface tension,

and one may thus account for the nerve impulses generated
by pinching or striking a nerve.

When a constant current, instead of an interrupted one,
is used the shifting of the potassium salts to re-establish

equilibrium disturbed by the alteration in surface tension
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should develop rapidly, if not immediately, after the closure

of the circuit, and thereafter, so long as the current passes, no
further current of action would be produced; but when the

circuit is opened then the surface tension of the part of the

nerve in the circuit would tend to return to its original value,

the molecules of the potassium salts would tend to shift back
to their former position, a current of action, simple or com-
posite in character, would arise, and the muscle would
contract once, or, as in Ritter's opening tetanus, several

times.

It is not necessary to elaborate this view extensively. It

suffices, perhaps, to say that alterations of surface tension in

nerve structures account also for the phenomena of electro-

tonus, the velocity of the nerve impulse and the effects of

heat and cold, but, above all, we can thus ex-
plain anaesthesia and narcotism. Chlor-
oform, ether, alcohol and chloral lower
surface tension in aqueous solutions, in
blood plasma and lymph, and, in all proba-
bility also, the surface tension of all cells,
but especially of the nerve cells. This

would make them incapable of receiving or transmitting a

nerve "impulse" whether of a motor or of a sensory char-

acter.

Sensation, then, is fundamentally and primarily a result of

alteration of surface tension in nerve cells and their processes.

Whether all the psychic functions may be due to the play of

the force of surface tension in the nervous system is a more
difficult question. Memory may arise from the adjustment
of the surface tensions of the cells in the association and other

centres of the cerebral cortex, but one must not leave out of

account the thermodynamic and chemodynamic forces, and,

before all else, the probably enormous intrinsic pressure in

the interior of the nerve cells.

These forces must play their parts in the psychic processes.

They cannot, however, be supreme, for, as pointed out in

Section II in the foregoing pages, surface tension controls

the distribution of the solutes in a fluid, and the distribution

of the solutes influences also its thermodynamic and chemo-
dynamic forces. Therefore, in a nerve cell the
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thermodynamic and chemodynamic pro-
cesses and the intrinsic pressure may
reasonably be supposed to be subordinate
to the force of surface tension through
which the body of the nerve cell can con-
trol the physical and chemical properties
of even the most distant extremities of
its own extensions, whether they are
dendrites or axons.
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VI.

—

Explanation of Figures.

Note.—In all the Figures the distribution of potassium,

as revealed by the cobalt hexanitrite method, is represented

in black shading.

Fig. I. Cell of Spirogyra sp., showing condensation

of potassium on the chromatophor. X 500.

Fig. 2. Two threads of Spirogyra s p. in conjugation

with surface condensation of potassium at the tips

of the outgrowths developed to produce zygo-

spores. X 450-

Fig. 3. A thread ofPleurocarpus sp. preparing for

conjugation. At the elbow of the cell where the

conjugation with another cell is to occur the

potassium is densely concentrated. X 560.

Fig. 4. Conjugation in M e s o c a r p u s (?) s p. X 560.

Fig. 5. Ulothrixsp. X 500-

Fig. 6. Confervoid accompanying fresh cultures of Z y g -

n e m a , showing condensation of potassium espe-

cially at ends of cell. X 500.

Fig. 7. Germinating Spores ofEquisetum arvense.
a, earlier; b, later stage. X 250.

Fig. 8. Cell from the mesophyllous layer of the Easter

Lily. X 680.

Fig. 9. Showing "guard cells" of a stoma of Tulip a sp.

X 1000.

Fig. 10. Spermatid from guinea-pig, showing potassium con-

densed at the point of the cell where the tail of the

spermatozoon is to develop. X 800.

Fig. II. Wing muscle of iE s c h n a. Drawn by Miss

M. L. Menten. X 1000.

Fig. 12. Wing muscle fibres from scavenger beetle, showing

difference in the distribution of potassium in the

anisotropic substance, a, uncontracted, b con-

tracted. X 1380.

Fig. 13. Smooth muscle fibres, frog's bladder. The potas-

sium is distributed between the fibres, a, a

superficial view of a portion of a fibre. X 680.

Fig. 14. Cross section of an acinus of the pancreas of a

guinea-pig, showing surface condensation of potas-

sium on the lumen border of the cells. X 1380.
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Fig. 15. Cross section of convoluted renal tube in dog,

showing surface condensation outside the tubules

and on the wall of each renal cell adjacent to the

lumen. X 800.

Fig. 16. Cross section of renal tubule in dog, showing con-

densation of potassium on the lumen surface of

each cell while certain portions of the external

surface of the tubule are free from any conden-

sation. X 800.

Fig. 17. Nerve fibre, ischiadic, frog, showing potassium on
the surface of the axon in the neighbourhood of a
node of Ranvier. X 680.

Fig. 18. Cross sections of nerve fibres in Gasserian ganglion

of dog, showing potassium in the medullary

sheaths and on the surface of the axon. X 800.

Fig. 19. A nerve cell from Gasserian ganglion of dog, showing

surface condensation of potassium. x 800.
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ON THE DISTRIBUTION OF POTASSIUM IN RENAL CELLS.

By C. p. Brown, M.A.,

Fellow In Biochemistry in the University of Toronto, 1910-11.

I. Introduction.

Although investigation of the problems of renal secretion has given

us some information regarding the manner in which the kidney carries

out its functions, it has hitherto thrown very little light on the character

of the cellular processes which are fundamentally concerned in the

elimination of salts and metabolites from the blood by the renal tubules.

This is in large part due to the fact that although our cytological and
histological methods are highly developed, yet the results which they

give when applied to the kidney do not enable us to understand how a

renal cell acts when performing the excretory function. We can by the

application of histological and cytological methods distinguish stages in

the activity of the cells in the pancreatic and peptic tubules, and we are

able to recognize the presence in these cells of the antecedent substances,

the zymogens, of the ferments which the glands produce. The changes

which we distinguish in such gland cells do not give us a very profound

view of the processes of cellular secretion involved, for those changes as

we observe them are of a more or less superficial character, but in the

renal cells the changes which precede, or are consequent on, rest and
activity are much less in evidence. It has indeed been claimed that in

the active renal cell there are "secretion vesicles" which are not present

when the cell is at rest or is relatively inactive, and more or less marked
vesiculation of the free border of the renal cells obtains under the influence

of powerful diuretics, but the "secretion vesicles" are held by some to be

artefacts, and the vesiculation of the free border is not necessarily an

indication of the processes which the cell under ordinary conditions

undergoes.

The failure of cytological methods to reveal fully the cellular pro-

cesses of renal excretion has made it necessary to employ other lines of

investigation on this subject. In the microchemistry of the cell from

its inorganic side there are methods some of which at least are already

available for developing to a certain extent a knowledge of these pro-

cesses, and it is probable chat a full achievement of that knovvledge will
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occar when more than one of those methods, specially adapted, are

skilfully applied to investigate the distribution of salts in the cells of

the renal tubules in the various stages of activity. Of the methods now-

available , that for the microchemical demonstration of potassium, first

employed by Professor A. B. Macallum,^ has been already used by him
in studying the excretion of the salts of that element in the renal cells

of frogs kept in the laboratory tanks through the winter. The results

thus obtained were such as to indicate that the method might profitably

be applied in a more extended investigation along the same line, and the

author, acting on the suggestion of Professor Macallum, undertook the

research of which the present contribution is the outcome.

II. Methods of Investigation

The method used is that fully described by Professor Macallum for

the microchemical demonstration of potassium in animal and vegetable

cells. It will, therefore, be necessary only to review here very briefly

the reaction and preparation of the reagent.

The reagent is prepared by dissolving 20 grams of cobalt nitrite and

35 grams of sodium nitrite in 75 c.c. of dilute acetic acid (i.e., 10 c.c.

glacial acetic diluted to 75 c.c). A vigorous evolution of nitrogen

peroxide results. It is allowed to stand for some hours, when, if any
trace of potassium has been present in the sodium nitrite used, a pre-

cipitate forms which may be removed by filtration. The filtrate is

diluted with water to 100 c.c, and is then ready for use. The precipi-

tate produced by the reagent, when added to a solution of potassium

salt, is a triple compound, the hexanitrite of cobalt, potassium and
sodium. Its composition is given by Gilbert* as Co(N02)3 3(K/Na)
NO2, nH20, the value of n being i 1/2, 2, or 2 1/2. Its composition

varies, however, with the potassium salt content of the original solution.

It consists of chrome yellow crystals of dodecahedra of varying micro-

scopic size.

The tissue examined was removed from the body as soon as possible

after the animal was killed, so as to insure a perfectly fresh, normal

condition. It was at once placed on the plate of a COa-freezing micro-

tome, where it was immediately frozen and sections made from it, and

placed immediately in the reagent. Here lay perhaps the crucial point

of the technique. First, the tissue must be frozen quickly and while

perfectly fresh. In the second place, it is absolutely essential that the

knife and the atmosphere in which the sectioning is done should be

thoroughly chilled to a distinctly freezing temperature in order that the

section should not thaw before the entrance into its reagent. If this
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object is attained the diffusion of the salts in the sections is reduced to a

minimum. The sHghtest thawing permits diffusion of the salts, in which

case the distribution of the potassium compounds, as observed, would

be other than that obtaining in the living tissue. Even with the greatest

care the knife will warm a little and cause surface diffusion in cutting.

It is thus necessary to prepare a large quantity of material and examine

each section carefully under the microscope after it has been appro-

priately treated. Nearly all the drawings of the plates of this contri-

bution have been made from sections in the preparation of which these

precautions were observed, and in which surface diffusion, consequently,

had been almost wholly prevented. The sections were cut at 10 to 20fx,

the thickness depending on the firmness of the tissue.

The sections were allowed to remain in the reagent from three-

quarters of an hour to an hour and a half, according to convenience.

The longer time was preferable to attain better fixation of the tissue.

They were then washed gently from half an hour to an hour in ice-cold

water which was frequently changed. This dissolved the uncombined

reagent and the precipitates which the reagent forms with creatin or

ammonium salts. Immediately after washing, the sections were mounted

on a glass slide in a mixture of equal parts of 50 per cent, glycerine and

concentrated ammonium sulphide solution.

After this treatment the distribution of potassium in the sections

was revealed by the localization of the black precipitate due to the forma-

tion of cobaltous sulphide. The staining of the preparation by the

reagent itself varies in colour from a deep brownish yellow to a light

gray. In animal tissues I have found the nuclei, if apparent, to be so

from their lighter colour as compared with the rest of the section. In

nerve cells the nuclei are stained much deeper, and Professor Macallum

states that in vegetable cells they are stained still deeper and of a reddish

shade. This is probably due to the nitrous acid reaction affecting the

cytoplasm and the nuclear material differently.

That the uncombmed reagent is readily removed from the sections

by washing with ice-cold water has been many times shown in prepara-

tions of which Fig. I is representative. This was drawn from a section

which, immediately after it was cut, was put in distilled water to remove

all the potassium salts present, then placed in the reagent and treated

further as described. The absence of a black reaction or of a dark

shading in the preparations is evidence that all the cobalt reagent has

been extracted.

Frogs were largely used, other animals as occasion offered. The

frogs had been kept in a cool tank until January, and so were con-

sidered to have ceased to secrete actively. Hence they are referred to
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as being in a condition of inanition. This condition was varied by keep-

ing them in a warm room for some days and also by subcutaneous injec-

tions, into the dorsal lymph sac, of various diuretics. In some instances

the spinal cord had been previously cut. Details on these points are

given in the index to the Figures. The various animals used were

Necturus, frog, dog, cat, rabbit, and pigeon.

III. Results.

In the kidney from the inanition frog there were heavy condensa-

tions of potassium about the periphery of the tubules and at the margins

of their lumina (Fig. 2). Practically no potassium was found in the

cytoplasm except in the region bordering on the lumen, although the

cellular outline was not sufficiently evident to state definitely in the

majority of instances whether it was within or without the cell. By
comparison, however, of a large number of preparations obtained under
different conditions the peripheral deposit was judged to be on the lymph-
tubule interface outside the cells, the central deposit being in the cyto-

plasm adjacent to the lumen.

The active kidney did not differ quantitatively from the inactive

one, but the distribution of potassium was more uniform about the

periphery of the tubules and frequently about the lumina as well. This

was shown best in the frog under a mild dextrose diuresis (Fig. 3), also

in the frog under moderate sodium sulphate diuresis (Fig. 4). In the

latter the spinal cord had been cut previous to injection, to lower the

blood pressure so as to prevent a flow of urine and, consequently, the

actual localization of the potassium in the active kidney was more evident.

The peripheral distribution can be clearly recognized as being external

to the tubule and the central as being in the cytoplasm bordering on
the lumen.

In cases of excessive diuresis the conditions were less uniform, the

potassium being found on the intercellular membranes, in the intra-

cellular spaces, on the surface of the nuclei, and, if the diuresis had been

induced by an injection of potassium salts, frequently diffused through-

out the cytoplasm as well. This distribution was not associated with

any apparent increase in amount of potassium in the preparations from
the frog after excessive dextrose diuresis (Fig. 5), and also after excessive

sodium sulphate diuresis (Fig. 6). No potassium was found through-

out the cytoplasm of the cells in these. The preparations from one of

these kidneys under excessive sodium sulphate diuresis showed curious

protrusions which by comparison with stained preparations were recog-
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nized as migrating leucocytes (Fig. 7a), protruding red blood cells (Fig. jh)

and epithelial cells (Fig. 7c). These were found in restricted regions

of the kidney where large numbers of leucocytes had gathered, the

excess of diuretic apparently having acted as an irritant producing a

necrosis similar to the condition found in preparations from the kidney

of a dog which had been treated with cantharidin. Whether the

striking aggregation of potassium salts on the surface of these structures

is due to precipitation or condensation it is difficult to say. It appears

to be analogous to that found by Professor Macallum in the root hairs

of Equisetum arvense and in the outgrowing processes of conjugating

Spirogyra.^

Where the excessive diuresis was occasioned by injection of potas-

sium salts, e.g., potassium phosphate, a similar distribution was observed

(Fig. 8), accompanied, as one would expect, by an increase in the amount

of potassium present. Not only were the intercellular membranes and

the surfaces of the nuclei heavily charged, but the potassium was

frequently found throughout the cytoplasm as well, either in a sort of

network, or else distributed fairly uniformly. The rapidity with which

an iodide penetrates tissues was demonstrated in one animal injected

with potassium iodide and killed five minutes later. The heavily loaded

tubules showed different states of activity. In the inactive tubules, as

illustrated in Fig. 9, the potassium iodide was more or less irregularly

distributed, but in the very active tubule the salt was chiefly condensed

on the external surfaces of the tubules and in the cell at the lumen

border (Fig. 10).

The preparations from the kidney of a dog which had been under

A.C.E. anaesthesia for two hours, and in which the kidney would thus be

in a fair state of activity, illustrated the peripheral and central condensa-

tions most strikingly (Fig. 11). The peripheral condensation was more

frequent than the central, the latter being oftener seen when the urine

flow was checked by pithing. Where the tubules had been thrown into

activity by phloridzin the same distribution was found, differing only in

that the condensations of potassium were distributed more uniformly

about the tubules and a larger proportion of the tubules manifested the

condensation (Fig. 12). It is difficult to illustrate this, as one only

comes to this conclusion after examining a considerable number of

preparations, but I have endeavoured to select tubules representative

of each condition. In these preparations, in all of which the different

regions of the kidney could be recognized, the localization was found in

the convoluted tubules and in the loops of Henle, but in no case was a

distinct localization evident in the region of the collecting tubules.

Owing to the unstained nature of the preparations it was impossible to
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refer the localization of potassium more definitely to the individual

portions of the tubule.

Similar condensations were found in the rabbit. But, comparing

the sections of the kidney from the pithed animal (Fig. 13, a, b), which

had been excised before the injection of the dextrose, with those from

the remaining kidney (Fig. 14, a, b) after it had been acted on by the

diuretic, a distinct difference would be seen between the two. In the

inner portion of the boundary zone from the former kidney there were

only about half as many tubules which exhibited the condensation about

the lumen as compared with those from the same region in the diuretic

kidney, a larger number of these latter also showing the potassium in

the lumen as well. These two kidneys gave the distinction between

active and inactive most clearly, the localization in the active kidney

being much more definite and uniform.

The cat (Fig. 15) and pigeon (Fig. 16) also evidenced the peripheral

and central condensations. In some preparations from the kidney of a

foetal cat (Fig. 17) a few isolated convoluted tubules showed a certain

amount of peripheral condensation, but no central condensation was
observed. Sections from the kidney of Necturus were also prepared,

and in them was found a similar distribution, except that the cells seem
to retain their individuality to a greater degree than in the kidney's from

the higher forms. This occasioned a distribution which tended to be

cellular rather than tubular in character. The same peculiarity was
observed in preparations of the pancreas from Necturus.

The glomeruli in all the forms showed a characteristic pattern which
would be traced as lines composed of black dots of cobaltous sulphide

(Fig. 19). By comparison with stained and other preparations this

was judged to be largely in the walls of the blood vessels, with less marked
precipitations in the interepithelial walls and in the connective tissue.

In one preparation in which a surface view of Bowman's capsule (Fig. 20)

was seen, the localization was confined to the cement substance of the

cells and to the connective tissue strands. Some of the potassium had
apparently slightly diffused before the reagent completely penetrated.

In the intertubular spaces the potassium was found concentrated on the

strands of connective tissue (Figs. 9 and 10). In a few preparations

from the dog's kidney the basement membrane became slightly separated

during preparation and was observed to be impregnated with the potas-

sium salt. In no instance was any potassium demonstrated in a cell

nucleus.

That these concentrations of potassium were the result of actual

localization of the potassium salts in the kidney, and not artefacts, was
apparent from inspection of the sections. They could not have been so
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distributed by the knife in cutting, for, if so, the heavy precipitates would

appear in more or less parallel lines at right angles to the direction of

cutting and in much coarser aggregations, as was the case in some

preparations in which diffusion had occurred before precipitation. Nor
could they have been due to a penetration of the reagent into the lumina

and intertubular spaces first, then into the cells. The character of the

section excludes this possibility. The reagent comes in direct contact

with a cross section of a tubule from lof^ to 20/* thick. It will penetrate

directly at all points and not first to the interspaces, then to the base-

ment membrane and so diffuse throughout a tubule of 18/* radius.

It might be urged that the reagent, penetrating the tissue at some

points quicker than at others, precipitates the potassium with which it

first comes in contact at these spots. Then the rest of the potassium in

the cytoplasm, from its great diffusibility, would immediately gather and

precipitate at the centres thus formed. This might be a real danger

in organs limited by a cuticle or membrane, but in these prepara-

tions it could not obtain. The conditions are all against such a result,

for a frozen cross-section dropped into the reagent while still frozen

thaws equally and uniformly throughout and permits of the penetra-

tion of the reagent at all points of the surface at the same time. If this

tendency toward diffusion to the point of initial precipitation operated,

one would expect to find a heavy surface precipitate over the membranes,

for these, being firmer, stand out as it were and first meet the reagent.

Here would be the first precipitation, and to this would diffuse, not only

the potassium in the cytoplasm, but that from the deeper portions of

the membranes themselves. This would be apparent immediately on

adjusting the microscope so as to focus the deeper portions of the section

with little or no precipitate in contrast with the heavy peripheral and

central surface precipitates thus supposed to occur. If only the surface

layers were affected by this first diffusion, then, as the section thaws,

the reagent would penetrate the cytoplasm more quickly than the

membrane, and a heavy deposit in the deeper portion of the cytoplasm

would result.

But none of these conditions obtains, actually the opposite being

the case. Where diffusion has taken place on the surface before contact

with the reagent, it is found that the tendency is for a uniform distribu-

tion over the entire surface of the section. The same applies to the

deeper portions as well, the tendency being to a uniform distribution

throughout. In Fig. 21a is shown a tubule in which a large measure of

surface diffusion has taken place, this being a drawing of the surface

view only, while Fig. 216 is of the same tubule observed at a deeper level

of the section. What, however, may be considered the strongest argument



396 Transactions of the Canadian Institute [vol. ix

for the normal character of the result is that in the same section

the regions of the convohited tubules and Henle's loops show the localiza-

tion while the regions of the collecting tubules do not. If it were due to

an artefact occasioned in the freezing or subsequent treatment the whole
section would be uniform. Again, there is the fact that in many tubules

where a cut and an uncut surface can be distinguished, the uncut surface

will show the potassium deposit while the cut section will be entirely

free. Further, those tubules that evidence the localization are as a rule

more heavily stained by the reagent than those that do not exhibit it,

thus showing that the protoplasm in the tv/o instances must differ in

some respect.

IV. Discussion.

Special attention was drawn by Professor Macallum' two years ago

to the various suggestions that surface tension might play a part in dif-

ferent processes of the living organism. He has discussed these suggestions

and expanded them to apply to cellular activity in general. In any
attempt to relate surface tension to renal function one must bear in

mind that protoplasm is of more or less colloidal nature, and also that it

is living material. What factors modifying the ordinary forces of sur-

face tension this introduces have not been fully investigated, but, as

surface tension appears to be involved in renal secretion, a discussion of

its action in relation thereto may be permitted.

The kidney cells, whether considered individually or collectively

in the tubule, form peripherally a system with lymph-cytoplasm inter-

faces, a condition somewhat analogous to a liquid-liquid interface, the

two liquids forming the latter differing greatly in density. Centrally,

if the lumen be filled with fluid, a cytoplasm-fluid interface would result,

though if the tubule were collapsed this would not obtain. Now in a

drop of liquid surrounded by air, organic substances lower the surface

tension, while most inorganic solutes raise it. Hence in accordance with

the law that energy tends ever to a minimum in a system, the organic

solute is found concentrated at the surface of thedrop,while the inorganic

solute is more dilute at the surface as compared with the interior of the

drop. This is called the Gibbs-Thomson principle, and had been

expressed mathematically in a formula deduced by Gibbs for the con-

centration of one of the phases at an interface separating a two-phase

system. When, however, the drop is in contact with another fluid with

which it does not mix or is in contact with a solid (e.g., glass), the surface

tension of the drop on the contact surface is greatly diminished and, in

consequence, there the solutes condense whether they ordinarily tend to
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raise or to lower surface tension at the liquid-air surface. As far as has

been investigated the tendency is for all substances in solution under
these conditions to concentrate at the interface where the tension is

lowered.

The degree of concentration has been investigated experimentally

by Lewis'^ in the case of a number of solutes. For this purpose he allowed

a known volume of a hydrocarbon oil to ascend through aqueous
solutions in a tall cylinder. As the diameter and, consequently, the

number of the droplets were ascertained the total surface area

they presented was also known. The oil was collected at the top of

the cylinder in a suitable apparatus. Each aqueous solution contained

a substance soluble in water but insoluble in oil, viz., sodium glyco-

cholate, methyl orange or Congo red. These lowered the surface

tension in proportion to their concentration in solution. The degree

of adsorption of each of these solutes on the surface of the oil droplets

was from twenty to eighty times the theoretical value calculated

according to the Gibbs formula. Lewis further investigated the effect

of electrolytes^ and found they manifested a similar but less marked
condensation, the adsorption of potassium in potassium chloride

solution being thirty times that calculated. Indeed, in all cases the

adsorption was siich that a process of gelatinisation at the surface

was suggested as an explanation. It would further appear that all

substances in solution are adsorbed at a fluid-fluid or fluid-solid

interface.

Mayer^ has shown that the surface tension of blood plasma is lower

than that of an isotonic salt solution, and this would favour adsorption

on cell-lymph interfaces. We may, therefore, perhaps be justified in

concluding from this that the concentrations of potassium on the renal

tubules, which we have described, are the result of surface tension differ-

ences on the surface of the tubules. In the production of these differ-

ences metabolism may play a part. We know that the oxygen intake

in the kidney is very high, indicating a considerable liberation of energy,

which the cells may transform to surface energy, using it either to obtain

material for metabolic purposes or in the functional activities of excre-

tion. The excess absorption of oxygen during the period of diuresis

over the period of rest in the experiments of Barcroft and Brodie^" is

equal to 0.0401 c.c. O2 per gram per minute. The secreting area for dog's

kidney has not been calculated, but for comparison the area of a human
kidney of similar weight may be given. According to Piitter^^ the

secreting area of a kidney of 45 gr. is 2.2 m^. Transforming the excess

of oxygen consumption into dynes per cm^., after allowing 1/20 for

concentration of urine, we find an expenditure of 271.3 dynes per cm''.



398 Transactions of the Canadian Institute [vol. ix

When we consider that only a portion of the kidney is active at one time

we see the energy expenditure, if expressed as surface units,would appear

very ample for excretory purposes.

As found in the preparations referred to, the potassium is localized

on the periphery of the excreting portion of each tubule and in the

cytoplasm of the cells forming it. As indicated above, the peripheral

deposit can be explained only as condensation, due to surface tension,

from the lymph bathing the surface of the tubule. This condensation

effect would involve also the sodium, magnesium and calcium salts and

the metabolites, such as urea and uric acid, and if there were a micro-

chemical reaction for each of these as sensitive as the one employed for

potassium the application of it would probably show such a condensation

layer, although perhaps in every case not to the degree illustrated by
the potassium preparations. The results of Lewis' estimations of the

concentration of the condensation layers of different compounds from

their solutions on the surface of droplets of paraffin oil rising, or of mercury

falling, through such solutions seem to indicate very distinctly that the

concentrations may greatly exceed the proportions postulated by the con-

centrations in the solutions, and, as already pointed out, this is specially

the case with potassium salts. We might, therefore, expect the respec-

tive concentrations of the salts and metabolites on the external surface

of each excreting tubule to exceed very greatly their concentrations in

the lymph.

It is not unreasonable to suppose that the basal surface of each

excreting renal cell, on which the condensation has occurred, is per-

meable to the constituents of the deposit. The entrance of potassium

and other salts into the cell would bring them into a new system in which

their distribution would be affected by the surface tension of the cell as

a whole and of its individual parts. In consequence, condensations

would occur, and particularly on interfaces and surfaces where the surface

tension is very low. In fluids this condensation occurs quickly, but it is

possible that in a colloidal system, such as the renal cell illustrates, the

condensation might not be effected so quickly, and yet it would occur

with such rapidity as to keep down the concentration in the cytoplasm

generally.

The occurrence of a condensation of potassium salt in the cytoplasm

of the renal cell immediately adjacent to the lumen of the tubule would

seem to indicate that this border of the cell has a low surface tension as

compared with the other surfaces of the cell, and especially with the

basal one, and, consequently, other salts than those of potassium would

be condensed there also. This difference in surface tension could only

be maintained by a constant expenditure of energy in the cell, and
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perhaps this would account for the very large amount of energy liberated

in the kidney during diuresis, as calculated from the oxygen consumption

of the organ by Barcroft and Brodie.

The maintenance of this difference in the tensions of the free and

basal surfaces of the cell would not, however, be of much service in the

way of explaining the mode of action by the cell if the condensation of

the free (lumen) surface of the cell were not affected by another force.

In renal activity the glomeruli, it is believed, separate from the blood

plasma a fluid which is more or less free from salts and metabolites, and

this thin watery fluid passing down the lumina of the convoluted tubules,

sweeps over the free surfaces of the excreting renal cells in which the

surface condensation of potassium and other salts obtains. The mem-
brane of each cell at this point is extraordinarily thin and presumably

permeable to water, which, however, owing to the low tension in the cell

at the lumen surface, would not convey the salts there condensed into

the interior of the cell, and they, therefore, would diffuse only into the

lumen. The fluid in the latter would thus, as it passed down the tubule,

become more and more concentrated, and in this way the higher con-

centration of the urine in solutes, as compared with the blood plasma and

lymph, would be accounted for. This removal of the potassium and

other compounds in the condensation layer would not cause the latter to

disappear, for so long as a difference exists in the tension on the basal and

free surfaces of the cell, and so long as the latter is permeable to salts on

its basal border, the concentration of the adsorption layer in the cell at

its free border would be maintained. The condensation process would

thus parallel the extraction process so long as the cell is in activity.

The difference in surface tension between the free and the basal

borders and the surface tension in the lymph on the external surface of

the excreting tubule would thus, of course, be subject to the metabolic

activity of the renal cells and to the composition of the lymph. Any-

thing that affects this metabolic activity, therefore, would affect surface

tension in the renal cells. The difference of surface tension between the

basal and free surfaces of the cells would thus be diminished or enhanced.

In the former case the elimination of salts would be lessened, in the

latter case it would be increased. On the other hand, a change in the

composition of the lymph must influence to a greater or less degree the

condensation on the surface of the tubules, and this would involve a

lessened or increased diffusion of the condensed salts into the renal

cells.

Such alterations in the surface tension of the lumen border of the

cell and of its basal surface may be brought about by diuretics. This

would explain the results obtained in the dog's kidney under the influence
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of phloridzin and in the rabbit's kidney in dextrose diuresis. A sub-

stance that promotes very vigorous diuresis may, directly or indirectly,

influence unequally the tension of the lymph and the tension on the

basal and free surfaces of the excreting renal cells. This would explain

many differences observed between the renal cells in very marked

diuresis and the renal cells engaged in ordinary activity. In the renal

cells in excessive diuresis, as already described, the condensations are

irregular, occurring not rarely on the surface of the cell nuclei and the

lateral walls of the cells, particularly so in the case in which injections of

potassium salts, and especially the iodide, had been given. Similar but

less striking condensations of potassium were found in kidneys in diuresis

caused by injections of sodium sulphate.

Potassium salts were occasionally found in the lumina of the tubules

in all preparations, but particularly in those from the rabbit that had

been subjected to the action of dextrose after the animal was pithed.

In these the amount of glomerular fluid formed was diminished, and, in

consequence, the potassium diffused into the lumen of the tubule from

the adjacent condensation layer was to a certain extent retained in the

fluid of the lumen. Where, therefore, potassium salts were found in the

lumina of some of the renal tubules of unpithed animals, it may be

reasonably explained as due to diminished activity on the part of their

glomeruli.

No evidence of the occurrence of potassium salts in the free space of

the glomerular capsule was obtained.

Whether potassium in its salts or compounds serves in the kidney any

special purpose in renal excretion is a question which presents itself.

The potassium of the condensation layers, abundant though it is, cannot

be regarded as the whole of the element which obtains in the kidney, for

although the hexanitrite reagent is an exceedingly sensitive one for

potassium, it cannot demonstrate what is below the limit of sensitivity.

Indeed, the very fact that in the cells of the convoluted tubules which

show condensation of potassium in the cytoplasm adjacent to the lumen

borders, the remaining cytoplasm itself does not give a reaction for

potassium is evidence of this, for the condensation itself predicates a

certain concentration, although excessively dilute, in the fluid system

constituted by the cell as a whole.

Support for the view that potassium serves a special function in the

kidney is afforded by analyses which the author made and which show

the amount of the sodium and potassium in the organ. For this purpose

frogs and dogs were used. In the case of the frog a large number of

kidneys removed fro n recently killed animals were collected in bulk to

weigh 17-22 grm.; each mass thus made was carefully dried in a platinum
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dish till a constant weight was obtained; it was then carefully inciner-

ated and the soluble portion of the ash extracted with hot water acidu-

lated with hydrochloric acid. From the combined extraction fluids

the calcium and magnesium and the sulphuric and phosphoric acids

were removed by precipitation and filtration, and the filtrate, treated

with hydrochloric acid, was evaporated to dryness, then heated to

expel any traces of ammonium chloride. The residue, which consisted

of the chlorides of sodium and potassium, was carefully weighed, then

appropriately treated by the platinum method to determine the amount

of potassium present, which, calculated as the chloride and subtracted

from the total chloride found, gave the amount of sodium chloride present.

In the dogs' kidneys the same method of estimating the total sodium

and potassium present was used, but only one kidney was used in each

analysis.

The analyses gave the following :

—

Frog

Analyses Sodium Potassium Na(=ioo:K

I
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0.0212 per cent, of potassium. The value* Na( = loo) : K of the blood

would, therefore, be lOO : 7.8. The quantitative composition of dog's

lymph has not been determined, but it cannot be very dififerent from

blood plasma and serum, so far as the inorganic constituents are con-

cerned, and in the serum according to Abderhalden's analyses the sodium

and potassium are 0.3175 and 0.0217 per cent, respectively, or in the

proportion of 100 : 6.8.

If, therefore, the dog's kidney could, before analysis, be freed of

all its blood and lymph, it would show a very considerable excess of

potassium over sodium. It would be much more than ten times richer

in potassium than the blood or blood plasma, while it would contain

much less sodium than the blood or blood plasma.

No analyses have been published giving the composition of the

blood in the frog, and consequently one cannot determine whether the

retention of blood or lymph in the frogs' kidneys analyzed influenced

very materially the analyses, but, on comparison with the results fur-

nished by the analyses of the dogs' kidneys, it would appear as if there

were no important difference between the two series of analyses in

regard to the potassium.

The kidney is not the only organ in which potassium is richer than

sodium. Katz^* found that in the striated muscle of the dog potassium

is three and a half times as abundant as the sodium, and Stoklasa^*

determined that the dried pancreas of the pig contains 2.08 per cent, of

potassium and 0.28 per cent, of sodium. It is also known from

Geoghegan's^*^ analyses that potassium in brain tissue exceeds the sodium

in amount.

In muscle certainly, and probably in the pancreas, the metabolic

processes are very active. In striated muscle fibre Macallum has

shown that the potassium is confined to the doubly refractive portion

of the sarcous elements in which, there is reason to believe, the chief

metabolic processes of the fibres occur. It is not at all unlikely that

potassium plays a part in these processes, and that in the pancreas a

similar role is filled by the element. In the active kidney, as shown
by its consumption of oxygen, the metabolism is very pronounced, and

consequently it may be suggested that here, also, the potassium so

abundantly present is in some manner associated with that metabolism.

One must not, however, exclude the possibility that potassium is

so abundant in tissues simply because of a special tendency to condense

on surfaces of systems affected by low surface tension. From Lewis'

*Ca!culated from Abderhalden's values which were given for Na20 and K2O
respectively.
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observations already referred to, it would appear that some solutes in

such systems undergo condensations differing in concentration for each

solute, and potassium from its chloride condenses more than silver does

from its nitrate. The relation of potassium to sodium in this respect

was not investigated, but one may suspect there is a difference, perhaps

an important one. This might account for the contrast between the

sodium, which is 0.3175 per cent, in the serum and 0.1783 per cent, in

the kidne)% on the one hand, and on the other, the potassium, which is

0.0217 per cent, in the serum and 0.2356 per cent, in the kidney. The
sodium is thus decreased 44 per cent., while the potassium is increased

over 1000 per cent. Such a difference, as suggested, in the degree of

condensation would furnish an explanation for the difference in the

quantities of sodium and potassium in the plasma or serum which are

in the proportion approximately of 15 to i.

V. Summary.

1. The sodium cobalt hexanitrite reagent (CoNa3(N02)6+ nH20),

as prepared by Professor Macallum, is a suitable reagent for the localiza-

tion of potassium in kidney tissue.

2. It is essential that the tissue be frozen while perfectly fresh, and
that the sections prepared from it be kept frozen until they come in

contact with the reagent.

3. There is a definite localization of potassium on the external

surface of the convoluted tubules and frequently about their lumina

as well.

4. The uniformity of this localization about the tubules tends to

increase in direct proportion to the state of activity of the kidney.

5. In the resting condition or during ordinary activity the only

potassium demonstrable in the cytoplasm of the cells of the convoluted

tubules is condensed in a layer immediately adjacent to the lumen
border in each cell.

6. This localization appears to be in accordance with surface tension

phenomena.

7. The presence of potassium in the lumina of the tubules and
absence of potassium in the glomerular cavity is evidence that the

inorganic salts are excreted by the tubule cells.

8. No evidence bearing on the manner in which the glomeruli

perform their function was obtained.

9. In no instance was any potassium found in a cell nucleus.
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10. The amount of potassium in the kidney of the dog and even of

the frog exceeds that of the sodium, and in the dog it exceeds greatly

the amount of potassium in the blood or plasma.

I desire to acknowledge the kind criticism and advice which I received

during the progress of this work from Professor Macallum, at whose
suggestion and under whose guidance it was carried out.
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MI. Explanation of Plates.

The figures were drawn with the camera lucida. The distribution

of potassium salts is indicated by the black shading which represents

the cobaltous sulphide reaction given by the triple salt of potassium

sodium and cobalt hexanitrite when ammonium sulphide is applied to it.

Fig. I. Kidney tubule, frog, diuresis with K2HPO4; the potassium salts

were washed out of the freshly cut section, which was then

treated with the cobalt and sodium hexanitrite reagent in the

usual way. X 820.

Fig. 2. Kidney tubule, frog in inanition. X 820.

Fig. 3. Kidney tubule, frog, in the dorsal lymph sacs of which yi c.c.

of 30 per cent, dextrose solution had been injected 4 hours

before it was killed. The frog had previously been kept

several days in a room of about 20°C. temperature. X 820.

Fig. 4. Kidney tubule of frog which had been kept for several days in

warm room, then pithed and injected with i c.c. of half

saturated Na2S04 solution, 173^ hours after which it was

killed. X 820.

Fig. 5. Kidney tubule, frog, taken from cold room (temperature about

io°C.), into the dorsal lymph sacs of which 4 c.c. of 30 per

cent, dextrose had been injected four hours before it was

killed. X 820.

Fig. 6. Kidney tubule of frog which had been kept for several days in

warm room and into which 4 c.c. of a half-saturated solution

of Na2S04 had been injected two hours before it was killed.

X 820.

Fig. 7. Cells from kidney of frog which had been subjected to excessive

Na2S04 diuresis. a, leucocyte; &, red blood cell; c, epithelial

cell. X 820.

Fig. 8. Kidney tubules of frog into which had been injected 4 c.c.

,^ K2HPO4 and which was killed two hours later. X 820.
. . N ,

Fig. 9. Portions of two kidney tubules of frog in which 4 c.c. io KI had

been injected. Animal killed five minutes later. X 820.

Fig. 10. Portions of three kidney tubules from same preparation as

Fig. 9. X 820.

Fig. II. Kidney tubules, dog, A.C.E. anaesthesia, otherwise normal.

X 820.
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Fig. 12. Kidney tubules, dog, A.C.E. anaesthesia; 0.5 grm. phloridzin

in 10 c.c. of a I per cent. NaCl solution was injected into

external jugular; kidney excised as soon as urine showed

glycosuric condition. X 820.

Fig. 13. a and b. Tubule of Henle's loop and convoluted tubule respec-

tively, rabbit pithed, and kidney immediately excised during

slight A.C.E. anaesthesia. X 820.

Fig. 14. a and h. Tubule of Henle's loop and convoluted tubule respec-

tively from rabbit from which preparation giving Fig. 13 was
taken. Kidney excised 45 minutes after cord was cut; blood

pressure 30 mm. Hg. 24 minutes before excision 4.5 grms.

dextrose in warm water were injected into the internal jugular

vein. X 820.

Fig. 15. Tubule of Henle's loop, cat, normal condition. X 820.

Fig. 16. Convoluted tubule, pigeon, normal condition. X 820.

Fig. 17. Kidney tubule, foetal kitten. X 820,

Fig. 18. Kidney tubule, Necturus; gastric digestion active, animal kept

in cold aquarium. X 820.

Fig. 19. Glomerulus, dog, from same animal indicated in the case of

Fig. 12. X 540-

Fig. 20. Bowman's capsule, frog, from same specimen as in the case of

Fig. 8. X 540-

Fig. 21. a and h. Kidney tubule, dog; a, surface view; h, deeper view

of same. X 820.
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Since the remarkable work of Osborne and Mendel,^ Hopkins,^

and McCollum and Davis,'' who have shown that a young animal

requires something special besides the usual food constituents

for its process' of growth, there has been much discussion as to

the exact nature of this product. In our first paper^we discussed

this subject and pointed out that most workers regard the growth

factor as being closely associated with fats. The experimental

evidence which led to this opinion was brought forward first by

McCollum, but has become especially significant since Osborne

and MendeP and later Osborne and Wakeman'^ found that puri-

fied butter, which in their opinion was free from nitrogen, was
still able to promote growth in young rats. In our earlier paper

we found that even the purified butter contains traces of nitrog-

enous substances, and therefore might possibh^ contain traces

' The work was begun at the Cancer Hospital Research Institute, Lon-
don, England; the experiments illustrated by the curves and tables were
carried out in the Biochemical Laboratory, LTniversity of Toronto, dur-

ing the tenure of a Senior Research Fellowship in the Department of Medi-
cal Research, and the expenses were defrayed by a grant from this depart-

ment.
2 Osborne, T. B., and Mendel, L. B., Carnegie Institution of Washington,

Publication No. 156, pts. i and ii, 1911.

^ Hopkins, F. G., Jour. Physiol., 1912, xliv, 425.

^ McCollum, E. v., and Davis, M., Jour. Biol. Chem., 1913, xv, 167.

^ Funk, C, and Macallum, A. B., Ztschr. f. physiol. Chem., 1914, xcii,

13.

^ Osborne and Mendel, Jour. Biol. Chem., 1913-14, xvi, 423.

^ Osborne, T. B., and ^^'akeman, A. J., Jour. Biol. Chem., 1915, xxi, 91.
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of vitamines, an opinion which is shared b}^ McCollum and Davis.**

Recently MacArthur and Luckett^ have found that the growth-

promoting substance is not contained in the ether-sokiblfe frac-

tion, and they also suggest the possibihty of vitamines as a factor.

To complete our first paper we carried out a series of experi-

ments on young rats with ordinary butter and purified butter

fat as the fat fraction of the diet. Both with butter and purified

butter fat all the animals died after five to seven weeks, although

on the former diet a slight initial advantage was noticed. Re-
peating these experiments on pigeons we convinced ourselves of

the inability of both diets to prevent the onset of beri-beri symp-
toms, indicating the absence of or an insufficient quantity of beri-

beri vifamine.

In our subsequent experiments we increased the percentage of

butter and pure butter fat in the diets from 12 to 30 per cent with

the same negative result in all cases. On both diets the rats

showed, twenty-four to forty-eight hours before death, a condi-

tion of spastic contraction resembling somewhat avian ])eri beri

or infantile tetany.

We also carried out experiments in which increasing amounts
of starch were replaced by equivalent quantities of unpolished

rice, with lard as the fat fraction of the diet. The results, which

were tending to support the vitamine theory of growth of one of

us,^" were still unsatisfactory, although the diet containing the

largest percentage of unpolished rice proved to be much better

both for maintenance and growth than those diets in which but

ter was used; yet this was finally inadequate as the animals de-

clined after nine weeks.

Finally we made up diets, with butter used as fat, to which

from 2 to 6 per cent of dried brewer's yeast was added. On this

diet we have obtained successful growth and maintenance. As
the growth-promoting factor is beyond question contained in

yeast, we intend to fractionate the yeast and show which fraction

contains the hypothetical growth substance.

The butter was pmified as indicated in our earlier paper. ^ The
casein was purified by extraction with hot alcohol. The fuel

^McCollum and Davis, Jour. Biol. Chem., 1914, xix, 245.

^ MacArthur, C. G., and Luckett, C. L., Jour. Biol. Chetn., 1915, xx, 161.

10 Funk, C, Ztschr. f. physiol. Chem., 1913, Ixxxviii, 352.
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value of the food and also the amount of the food absorbed from

the intestine were controlled by means of an adiabatic calorim-

eter. The food mixture used, with the exception of the butter,

was found to produce beri-beri in earlier experiments by one of

us" on pigeons. Special experiments were carried out in order to

ascertain the value of a food mixture consisting of casein, starch,

cane-sugar, salt ftiixture, and butter for pigeons. All the pigeons

fed on this food developed a typical beri-beri and no difference

was noticed between the ordinar}^ butter and the purified butter.

The results presented in this paper are a selection of a large

number of experiments of uniform character. Two rats of the

same sex were used in each experiment. The four diets used had

the following composition.

Diet.

Casein

Sugar.

Starch

Butter (ordinary),

(purified).

.

Agar
Salt mixture*

Yeast (dry)

I.

per cent

22

10

33

30

2

3

II.

per cent

22

10

33

30

III.

per cent

22

10

31

30

2

3

2

IV.

per cent

22

10

27

30

2

3

6

* The composition of the salt mixture was the same as in the experi-

ments of Osborne and Mendel. '^

Experiment I.—Chart I. The curves represent the average weight of

two rats each of which was fed on Diet I (ordinary butter). As repre-

sented by the upper curve the rats showed a slight initial gain in weight

and maintenance for about 20 days; then a rapid decline set in with fatal

termination after 36 daj's. The lower curve represents the average weight

of two rats which were changed from Diet I to Diet IV on the twentieth

day. The effect of the addition of dried brewer's yeast was striking; the

rats suddenly recovered and grew normally up to the end of the experi-

ment. The intake of food and the absorption from the intestine are re-

corded below.

^^ Funk, Ztschr.f. physiol. Chem., 1914, Ixxxix, 373.

'- Osborne and Mendel, Jour. Biol. Chem., 1913, xv, 311.
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DAYS

Fig. 1. Upper curve, Rats 25 and 26. Lower curve, Rats 27 and 28.

On the curve at the point (*) Diet I was changed to Diet IV; Rats 25 and

26 died after 36 days on Diet I.
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DAYS
Fig. 2. Upper curve, Rats 31 and 32. Lower curve, Rats 29 and 30.

At the point (*) on lower curve Diet II was changed to Diet IV. Rats 31

and 32 died after 40 days on Diet II.
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Experiment III.—Chart III. In this experiment the upper curve illus-

trates the weight of two male rats, and the lower curve the weight of

two female rats. Up to 20 days Diet III was used (with 2 per cent

yeast), being then replaced by Diet IV. In one set this was continued to

the end of the experiment (lower curve). In the other experiment Diet

IV was replaced after 32 days, by Diet II (without yeast) ; the growth
ceased abruptly and the animals rapidly declined. No marked differ-

ence was noticed between the diets containing 2 and 6 per cent of yeast.

The details of the experiment are recorded below.
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the animals. Whether yeast alone without butter (replaced by
lard) will produce normal growth in rats, and whether there are

one or more components in yeast which stimulate growth, is

under investigation.
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