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INTRODUCTION 

Tissue cultures afford a new and somewhat different method 
from that usually employed for the study of many cell struc- 
tures. It enables one to  compare the living with the fixed mate- 
rial. In  fact, one can study the same cell while living, during 
the process of fixation, and later as a stained permanent prep- 
aration. It also enables one to follow the changes which take 
place in the living cell from minute to minute. Above all, tissue 
cultures afford a method by which we can experiment on the 
cells and mitochondria. And through such methods only do 
we believe a correct interpretation of the significance of mito- 
chondria is to be found. 

In  spite of the new and different environment of the tissue, 
i.e., its isolation from the rest of the embryo; the substitution 
of a simple Locke’s solution for normal plasma; the contact with 
the cover-slip ; and the absence of a circulation, which continu- 
ally renews the food-supply and removes the waste, the cells 
of the tissue cultures are apparently quite normal during the 
first two or three days and exhibit no noticeable changes except 
the characteristic configuration of the growth. How greatly the 
new environment disturbs the normal metabolic processes of the 
cell is impossible to surmise. The cells are in such a thin layer 
that each cell is probably as well bathed by the Locke’s solu- 
tion as in the embryo it would have been bathed by plasma 
or lymph. 

In the older cultures the cells lose their normal appearance 
and show signs of degeneration. Migration, growth and mitosis 
cease, the cells become smaller and show both cytoplasmic and 
nuclear changes. This may be due to the fact that the m d u n i  
lacks both the inorganic and organic substances necessary for 
the prolonged continuance of life, but when we consider that the 
same degeneration takes place when tissues are explanted into 
a plasma medium it seems more probable that the degener- 
ation is due to  an excess of waste products accumulated around 
the cell. 
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It is during the first two or three (lays then that we may 
compare the cells and their structures with those found in the 
embryo. The mitochondria have been studied during this early 
period when their appearance and behavior can be considered 
normal. The close resemblance of the mitochondria found dur- 
ing this early period to those found in the chick by other ob- 
servers (Benda, Meves, Duesberg, Dubrueil, Cowdry, etc.) shows 
that they a t  least are not noticeably altered in the culture. We 
are justified, we believe in assuming that our findings concern- 
ing mitochondria apply as well to the normal cells within the 
embryo as they do to the cells of the tissue culture. 

TECIINIC 

The ordinary technic for the cultivation of tissues in Locke's 
solution as described by Lewis arid Lewis ('11, '12) was used. 
We found great variations in the amount, duration and character 
of growth in different solutions. This was apparently not due 
to the slight variation that occurs in the weighing out of the 
salts or sugar, which enter into the composition of the solution, 
since these can be varied considerably and good growth obtained. 
The trouble lies either in the distilled water, a contaminated 
container for the solution, poor chick material, or some rnanip- 
ulation during the process of explantation, which we vary un- 
knowingly. In  repeating this work one should make several 
trials until a solution favorable for growth is obtained. When a 
favorable solution is once obtained it can be kept for months, 
provided the dextrose is not added to the stock solution. 

(:hick embryos were taken out of the egg under aseptic condi- 
t,idns"and put into 10 or 20 cc. of sterile J,ocke's solution (Ka('1 
0.9 per cent, CaCl, 0.025 per cent, KC1 0.042 per cent, KaH('O, 
0.02 per cent, dextrose 0.25 per cent at 39°C'. h piece a few milli- 
meters in diameter of the desired tissue was then cut out and 
placed in another dish which contained 10 or 20 cc. of sterile 
Locke's solution a t  39°C'. This small piece was then cut up 
into numerous very srnall pieces. These were drawn up into 
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a fine pipette, usually one at a time, with some of the solution 
and placed each on a sterile cover-slip which was inverted onto 
a vaseline (melting point, 46 * "C.) ring on a hollow ground slide. 
All instruments and cover-slips were sterilized by passing them 
through the flame, and aseptic precautions were observed 
throughout. 

Great care should be taken to insure absolute cleanliness of 
the cover-slips. The migrating and dividing cells, as we have 
already stated, adhere to the cover-slip and utilize it as a means 
of support, and the presence of grease seems to prevent them 
from getting a foothold. The small drop should spread out 
evenly and thinly over the center of the cover-slip so that the 
surface tension keeps the explanted piece in contact with the 
cover-slip. The stereotropic cells can thus easily creep out from 
the piece to the cover-slip on which they migrate towards the 
periphery of the drop. In  cases where the drop is too deep and 
the small explanted piece falls away from the cover-slip the con- 
vex surface of the drop may act as a support for growth. 

Growth began within ten to twenty hours and reached a 
maximum in extent and showed the greatest number of mitotic 
figures on the second or third day. The cultures were incu- 
bated a t  39°C. to 40°C. in an electric incubator (with a glass 
in the door). The presence of the electric light which was placed 
in the same chamber with the cultures for the purpose of main- 
taining the temperature of the incubator did not seem to affect 
the growth. Cultures apparently grow as well in the light as 
in the dark. 

Around the piece of explanted tissue the new growth forms 
a more or less radiating reticulum, a syncytium, or a membrane- 
like sheet of cells with varying numbers of isolated cells. The 
growth may be several cells in thickness near the old piece, but 
toward the periphery there is usually only a single layer of 
flattened cells which are often scarcely 2 p in thickness (fig. 1). 
The entire contents of these peripheral cells can be observed 
with very little change in focus. The growth is so closely at- 
tached to the cover-slip that in many cases the explanted piece 
can be torn away without injury to the new growth. 
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Fig. 1 Photograph of part of a 2-day culture of intestine from an %day chick. 
The black mass is the explanted piece, which is surrounded by  the new growth 
of connective tissue and smooth muscle; there are 13 mitotic figures in this part 
of the culture; osmic vapor and iron hematoxylin. 

Although several different kinds of cells have been identified 
in the living cultures (Lewis and Lewis) as, for instance, the 
mesenchyme and connective tissue cells, the heart and smooth 
muscle syncytium, the endodermal membrane, the yolk mem- 
brane, the nerve cell, the kidney tubule cell, etc., nevertheless, 
the general cytoplasmic structure of the living cell, regardless 
of the kind of cell, is practically the same except in cases where 
the cells contain secretory granules. The cytoplasm appears 
as a homogenous substance within which are several types of 
granules, i.e., refractive fat globules, various shaped mitochon- 
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dria and other granules. The nucleus appears as a finely gran- 
ular body surrounded by B definite nuclear wall with one or 
more nucleoli. The nucleolus is never a round compact body, 
but instead is a coarsely granular ragged body, often large in 
proportion to the size of the nucleus. The nucleolus can read- 
ily be seen with the low power even when the outline of the 
nucleus cannot be distinguished. At one side of the nucleus 
there is usually present the -- central - body (idiozome). 

\.lrhen permanent preparations were desired the cover-slip was 
removed from the vaseline ring and the entire culture fixed t o  
the cover-slip by means of osniic acid vapor. Alfter fixation 
the explanted piece was often torn off from the cover-slip, leaving 
the new growth, in order to facilitate certain staining processes. 
Since the growth is very thin it was unnecessary to cut sections. 
The cover-slip with the fixed growth was treated as one would 
sections on a slide. 

FIXATION 

The entire process of fixation can be watched and studied 
upon any cell, as, for example, one that has been under obser- 
vation for some time. While the preparation is observed under 
the microscope some of the fixing solution can be introduced 
into the cavity of the slide through an opening made in the 
vaseline ring, which seals the coverslip to the slide. The speci- 
men can be fixed with either vapor or fluid. If a vapor is used, 
as of osmic acid, a small drop of a 2 per cent solution of osmic 
acid is introduced on the bottom of the cavity so that it does 
not come in contact with the hanging drop. If a solution is 
used, enough is introduced to fill the entire cavity and mix with 
the hanging drop. 

The vapor from a freshly made 2 per cent osniic acid solu- 
tion gave the best results, and when used with care resulted 
in a fixed cell, which more closely resembled the living cell than 
any other method we have used. The osmic acid vapour seems 
to cause a precipitation of the cell structures in the form of 
minute granules. Even after such fixed specimens are stained 
by means of iron hematoxylin the general character of the cyto- 
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plasm and nucleus are not noticeably altered except for the 
staining. 

B. F. Kiiigsbury ('12) states that according to Rawitz ('07), 
Kollarewsky ('57) and Eisen ('00) osmic acid does not preserve 
nuclear details. So far as can be seen from our material the 
living cell exhibits few nuclear details and even osmic acid vapor 
differentiates more clearly the nuclear structures than they can 
be distinguished in the living cell. 

The mitochondria are so well fixed by osmic acid vapor or 
by a fixing solution which contains osmic acid that it has been 
suggested that the mitochondria may be artifacts due to osmic 
fixation. Vapor from strong formalin which has been carefully 
neutralized (Mann '02 and also Bensley '11 recommend that 
formalin be freed from acid by careful neutralization and redis- 
tillation) gave good results in regard to fixation not only of the 
mitochondria but of all cellular structures. Unfortunately, the 
mitochondria did not stain well after formalin fixation. Iodine 
vapor from a crystal of iodine often afforded good results in 
regard to the spindle fibers and also the mitochondria, especially 
so when followed by Hensley's anilin fuchsin, methylene green 
stain, but iodine was an uncertain fixative. Osmic acid solu- 
tions do not give as uniformly good results as the vapor. 

Any fixing solution which contained acid (acetic, hydrochloric, 
sulphurie, etc.) proved useless as a fixative for tissue cultures. 
The vapor from such acids coagulated the entire cell before 
the fluid touched the preparations. The mitochondria rapidly 
changed into small granular rings, which later were completely 
lost in the coagulated network of cytoplasm. The nucleus lost 
its homogenous finely granular structure and a coarse network 
appeared. The nucleolus became a small round body. This re- 
sembles closely the usual textbook figure of a cell, which by 
long association one has come to believe represents a cell but 
which actually resembles the living cell not a t  all. 

When a living cell (fig. 2 a) was exposed to the action of 
vapor from 2 per cent glacial acetic this coagulation effect was 
soon apparent, as shown in figure 2 b. The cytoplasmic and 
nuclear networks rapidly appeared while the mitochondria, which 
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Fig. 2 A ,  sketch of living cell with nucleus and mitochondria, the cytoplasni 
should be homogenous. b,  the same cell after exposure t o  the vapor of 2 per 
cent acetic acid; both cytoplasm and nucleus show reticular structure due to  
coagulation; the mitochondria are destroyed except for a few granular remains. 

Fig. 3 Changes in  shape of mitochondria as observed in living cells; a, changes 
by bending during a period of 4 minutes; b, by shortening and elongating and 
shifting along the mitochondrium of the mitochondria1 substance, time 6 minutes; 
c,  by fusion of granules; in the course of 7 minutes the four granules a, b ,  c, d 
became fused into two granules ab and c d ;  a ,  b, c from a 2-day culture of mesen- 
chyme from a 4f-day chick; d, changes in shape and fusion of mitochondria t o  
form network in the course of 6 minutes; e ,  changes in shape and fusion, 2 minutes; 
f ,  changes in  form of a single mitochondrium during a period of 7 minutes; d, e 
and j’ from a 3-day culture of mesenchyme from a 4-day chick. 
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were clearly seen in the living cell as long rods and threads 
rapidly disappeared. Brunn ('84) found that the Eberth bodies, 
which have since been shown to be mitochondria, are dissolved 
by acetic acid. Duesberg ('11) states the fact that they are 
destroyed by acetic acid to be one of the criteria for mitochon- 
dria. Prolonged fixation in osniic acid after the osmic vapor 
has already fixed the preparation did not cause any distortion 
of the nucleus or the cytoplasmic structures. The mitochondria 
became somewhat blackened and the fat  globules were first 
yellow-brown and later became a dark brown. Even after a 
month no change appeared in the cytoplasm which in any way 
indicated the presence of a canilicular apparatus as was found 
in certain other cells by Kopsch ('OZ?), Sjovall ('06), and Cowdry 

A careful study of the living cell together with a study of the 
effect of various fixatives shows that while the mitochondria 
are only successfully fixed by osmic acid, they are by no means 
artifacts due to osmic acid fixation. 

('12). 

MITOCHONDRIA 

The mitochondria are always present in the living cells of 
the tissue cultures and after some experience can be easily recog- 
nized. They are never as conspicuous, however, as the fat 
globules or the nucleus. The mitochondria are slightly refract- 
ive bodies which vary greatly in shape, size, and position. 
In  the living cell these bodies are never quiet, but are contin- 
ually changing in shape, size, and position. Often as many as 
fifteen or twenty shapes may be exhibited by a single mitochon- 
drium within as many minutes (fig. 3). This extreme plasticity 
of the mitochondria is a very important characteristic and was 
shown in every preparation examined. It is certainly a feature 
which must be reckoned with in any attempt to classify or to 
analyze their behavior from fixed material. 

The chaotic condition of the literature in respect to the ter- 
minology and criteria for mitochondria and other cytoplasmic 
bodies renders it difficult often to correlate our findings with 
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those of other observers. It is important then that we should 
as far as possible submit the bodies herein under consideration 
to already established criteria for mitochondria. 

While these bodies fulfil Benda's ('99) original criterion for 
mitochondria in embryonic cells in that they stain blue with 
alizarine, we have made no effort to fulfil Montgomery's ('11) 
criterion that they must show an unbroken cycle from egg to 
somatic cell to anlage sex cell and back to  the fertilized egg. 
They do, however, correspond with Duesberg's ('11) criterion 
for mitochondria in the adult cell, in that they are seen in the 
fresh preparation, dissolved by acetic acid, preserved by osmic 
acid, and stain by the same dyes as the mitochondria in em- 
bryonic cells, that is, green with Janus green in the fresh prep- 
arations (Michaelis '99, Laguesse '99, Bensley '11, Cowdry '12) ; 
stain blue with Benda's stain (Benda '03, Meves, '08, Duesberg 
'09); red with Bensley's anilin fuchsin, methylen green stain 
(Bensley '11, C'owdry '12)' and black with Heidenhain's iron 
hemat oxylin. 

Janus green caused the death of the growth after a few hours, 
and frequently the mitochondria separated into granules (fig. 21). 
For this reason Janus green was used only to identify various 
granules as mitochondria but never for any observations upon 
the changes in shape, size or quantity of mitochondria. 

These bodies have been given various names-mitochondria 
and chondrioniiten by Renda; chondrioconten, chondriosomen, 
chondrion and plastosomen by Meves; plasmafaden, plasma- 
kijren by Retzius; paramiton or miton by Hemming; micro- 
somen by Van Beneden; granules and filament by Altman, etc. 

Position of mitochondria 

Great variation occurs in the arrangement of the mitochondria 
even in the same kind of cells in the same preparation, not 
only in the living but also in the fixed preparations. It is not 
uncommon for the mitochondria to be more or less evenly 
scattered t,hroughout the cytoplasm and the various processes 
of the cell. They have been observed even in the extremely 
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slender processes that are scarcely larger in diameter than a 
mitochondrium. This rather uniformly scattered arrangement 
usually occurs during mitosis and here likewise the cell processes 
may contain mitochondria. The spindle area is usually free 
from mitochondria (figs. 4, 15,. 16, 17). Infrequently in the 
lute anaphase the mitochondria may collect along the plane 
of division. In  elongated cells the mitochondria are usually 
arranged at either end of the nucleus with their long axis more 
or less parallel to the long axis of the cell. However, in many 
of the cells the mitochondria are more numerous about the 
nucleus or about the central body than towards the periphery 
of the cell, where they may be scattered or entirely absent 
(figs. 4, 5, 12, 17). The central body is an extremely finely 
granular body at one side of the nucleus and has been so-called 
by us because the mitochondria frequently radiate around this 
body and because it is a non-committal term. Usually the idio- 
zome (or nebenkern, for discussion of correct terminology see 
Wilson '11) can be seen within this body and occasionally the 
centrasome can be made out within the idiozorne. The central 
body is more clearly seen in the living cell than in the fixed 
cell, but in some cells this body cannot be distinguished and the 
mitochondria appear more or less radially arranged around the 
nucleus. At times the mitochondria may be confined to one 
side only of the nucleus, usually the side on which lies the cen- 
tral body. This radial arrangement about the central body 
has been described by Eberth (66), Vejdovsky ('07), IMeves ('09)' 
Veratti ('09). In  some preparations this arrangement is so 
marked that one cannot but wonder if there is not some definite 
relationship between the two, and it is not difficult to under- 
stand why Vejdovsky ('07) believed that the mitochondria were 
1)roducts of the activity of the centrasome. 

The mitochondria, however, are continually altering their posi- 
tion, not only in relation to the nucleus and central body but 
also in relation to each other. They seem to be continually 
cmerging from the mass near the nucleus or near the central 
body and to migrate out towards the periphery. Also those 
lowards the periphery often return to the central mass. There 

TIIE A M E R I C A N  JOURNAL O F  AVhTO\IY,  101  17, NO 3 
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Fig. 4 A, b, c, d, e, cells from a 2-day culture of heart from a 5-day chick. 
a, cell with 69 mitochondria of granular type, somewhat radially arranged about 
the central body. 6 ,  cell with 125 mitochondria of very different shapes and sizes, 
about the central body and scattered through the cytoplasm. c,  cell with 37 
mitochondria about the central body, mostly granular in type; X 1080 diam. 
d, cell with about 90 mitochondria about nucleus and central body, mostly rod- 
and thread-shaped; X 540 diam. e, group of six adjoining cells; as in a the cells 
with granular and short, rod-shaped mitochondria show the latter arranged about 
the nucleus and central body; one cell contains 40 and the other 54 mitochondria 
of the short and long rod- and thread-shaped types, which are arranged more 
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5 

about the nuclcus and central body; the dividing cell has 118 mitochondria which 
are scattered more evenly through the cytoplasm than in the other cells; X 790 
diam.; osrnic acid vapor and iron hematoxylin; f, cell from a 2-day culture of 
heart from a &day chick cell with 152 mitochondria, mostly rod- and thread- 
shaped, arranged about nucleus and central body; X 790 diam. g, cell from a 
?-day culture of heart from a 4-day chick. Only two cells in entire culture show 
these ring-formcd mitochondria and in  these two the cytoplasm was abnormal, 
perhaps dead. 

Fig. 5 A ,  b,  c ,  d, four adjoining cells from a 2-day culture of heart from a 
5-day chick; X 790 diam. The resting cells, a, b and c, have 47, 51 and 48 mito- 
chondria respectively, while cell d in  early prophase has 89. These rolls exhibit 
great variety in the shapes of the mitochondria; small and large granules, spin- 
dles, short rods, long rods and threads are present; the mitochondria are some- 
what more scattered than the cytoplasm in cell d. E ,  cell with 38 mitochondria 
which vary greatly in size and shnpc; from thc samc specimen; X 540; osmic 
acid vapor and iron hematoxylin. j, g, nieserichyme cells from %day cultures 
of intcstine from a 7-day chick embryo; f, many of the mitochondria are united 
in nctworlcs; X 540 diam.; g, some ot the mitochondria branch and anastomose 
t o  form a complicntcd network which appears t o  extend from one nuclear area 
to  another, where the cells form a syncytium; X 790 diam.; only a portion of the 
rclls :uid nctwor!c is shown; osmic acid vapor and iron hematoxylin. 

Bensley stain; X 790 diam. 
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is probably no relation between the movement of the cell and 
the movement of the mitochondria, for the cell processes change 
their position so slowly that there is often no noticeable change 
for several hours, while the mitochondria change position rapidly 
and continually. 

Occasionally in a syncytium of cells a mitochondrium may 
pass over the cytoplasmic bridge from one cell to another (fig. 
5 g). In some cases a mitochondria1 thread may pass over the 
bridge into another cell and later return. 

What is it that governs the arrangement of the mitochondria? 
Is it the shape of the cell, the influence of the central body or 
of the nucleus, the internal structure of the cytoplasm, or do 
the metabolic activities of the cell govern the size, shape and 
arrangement of the mitochondria? 

Shape of mitochondria 

The mitochondria exhibit extraordinary diversity of form often 
in the same preparation, even in adjoining cells of the same 
type (figs. 4, 5). Not infrequently a single cell may contain 
mitochondria of diverse shapes (fig. 5 e). These different mito- 
chondrial shapes may be more or less localized in different parts 
of the cytoplasm (fig. 5 e) or may be more or less mixed together 
(fig. 4 b). The extraordinary diversity in form of the mito- 
chondria shown by cells of the same type lying side-by-side in 
the same preparation is sometimes very striking. Such differ- 
ences occur in the young growing cells after division, in older 
resting cells and even during the various stages of mitosis. 
Again, we may find in the same preparation groups of cells 
in one part of the growth, that have very similarly shaped 
mitochondria, while in another part practically all of the cells 
may have quite differently shaped mitochondria. In such prep- 
arations all gradations in shape and size, from minute granules 
to larger and larGer ones, or from rods to threads of various 
lengths, or threads and networks, etc., can be seen in adjoining 
cells of the same type or even in the same cell. Just as the 
fixed preparations show such gradations, we find that all sorts 
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of transformations from one shape into another can be watched 
in the living cell. 

Mitochondria of various shapes have been described by other 
observers, and so definite did some of the shapes appear to be 
that they were given various names, which today are without 
much significance. Nevertheless, it is convenient to classify 
mitochondria as follows (fig. 10). 

Small granules Threads 

Spindle-shaped granules Rings 
Dumb-bell-shaped granules Loops 

Large granules 
Rods 

Network 

The degenerate mitochondria also show more or less definite 
shapes (fig. 13). 

Mitochondria continually change shape as by bending in vari- 
ous directions (fig. 3 a), or by shortening and thickening or 
elongating and thinning (fig. 3 b); at times this thickening and 
thinning seems almost like a pulsation along the length of the 
mitochondrium. These various shapes of mitochondria are not 
fixed or constant in any cell. Rods or threads may change into 
granules; threads may fuse or branch into networks (fig. 3 d, 6,7)  ; 
or granules may fuse to form larger granules (fig. 3 c). Degen- 
erating mitochondria may separate into granules and vesicles 
(fig. 13). 

Ring-shaped mitochondria are seldom found in these prepa- 
rations. Occasionally a living cell may contain one or two large 
or small ring-shaped mitochondria which rapidly change into 
threads, rods or granules. A few fixed and stained preparations 
show one or two cells at  the periphery of a large growth which 
contain ring-shaped mitochondria exclusively (fig. 4 g) . Kings- 
bury ('1 1) has suggested the possibility that mitochondria which 
contain a large amount of lipoid are reduced by osmic acid only 
at the surface, and the central part later dissolves out, which 
produces the appearance of rings. These ring-shaped mito- 
chondria can hardly produce fat or lipoid droplets (Dubreuil 
'11, '13) since they are seldom present in cells in which fat is 
being formed. 
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Fig. 6 From a living culture about 24 hours old, of a piece of heart from an 
6-day chick, showing branching, fusion and splitting of two or three mitochondria 
during a period of about 1 hour. 
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Fig. 7 Changes in &ape and anastomoses of a few mitochondria during a 
period of 25 minutes in a living mesenchyme cell. The changes were so rapid 
that it was not always possible to draw each mitochondrium; they can be fol- 
lowed by the lettering; %hour old culture from a M a y  chick embryo. 

The mitochondria are frequently arranged in the form of a 
network (fig. 5 f, g) which may involve many of the mitochondria 
or only a few of them. A study of the fked preparations and 
especially a study of the living cells shows conclusively that 
Mislavsky ('11) is correct in his contention that the mitochondria 
do fuse and branch to form networks. We have observed all 
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stages of the formation of network in the living cell. These 
networks continually change shape (figs. 6, 7). New branches 
appear, old ones change shape or position or break away, and 
at times the entire network may break down into loops, threads 
and granules without any apparent change on the part of the 
cell. From our observations it appears that the network is 

Fig. 8 Mitochondria from a 3-day culture of intestine from a 7-day chick; 
osmic vapor and iron hematoxylin; X 2250 diam.; various forms of mitochondria, 
which come from the breaking down of a network, into loops, rings, threads, etc. 

very unstable and rapidly breaks down into granules, loops and 
threads. Figure 8 shows such loops and rings in a fixed specimen. 

There has been some discussion as to which shape of mito- 
chondria is the more primitive. Meves ('08) claimed that in 
the twenty-hour chick embryo the mitochondria are present 
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only as very thin threads, but that at forty-eight hours the 
threads are thicker and also some granules are present. These 
mitochondria have heavy stained edges with a clear mark 
substance. 

Duesberg ('08) finds the same for the chick, but in the rabbit 
he describes the mitochondria in the early fertilized egg as small 
granules, which increase in volume and become large granules 
at the end of the third day. The large granules have a clear 
central part and dark outer edge. They flow together and build 
rods and threads. Rubaschkin ('11) finds only granules in the 
early guinea-pig development. He claims that the granular 
form of mitochondria is the most primitive and indifferent form. 

So far as could be observed, there is no special difference in 
the shape of the mitochondria present in the cells of the growth 
from a piece of a three-day chick embryo from that present in 
the growth from a piece of ten-day chick embryo. Only those 
cells show exclusively the small granules, which contain many 
fat globules or vacuoles. We have observed the cells of a 51 
hours growth which contained only the granular type of mito- 
chondria to contain a t  70 hours mostly thread types (fig. 9 a-f). 
The threads were formed by the stretching out of the granules 
rather than by fusion of granules although such fusion of granules 
does take place. When a preparation is studied from day to 
day it is clear that the shape of the mitochondria changes and 
that no one shape is constant for any one age. 

Brown ('13) finds that in the male germ cells of Notonerta 
the mitochondria1 fibers and threads arise in part at least from 
spherical-shaped mitochondria. 

Schaxel ('11) claims that the shape of the mitochondria varies 
with the method of fixing and staining inasmuch as by the 
Benda treatment the rod-like forms predominate while after 
the Altman treatment the granular type predominates. While 
there have been few observations made as to the effect of various 
technical methods upon the shape of the mitochondria they 
appear to be such malleable structures that it is quite probable 
that their shape could be altered by different methods. 
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Fig. 9 Mitochondria in living cell from a culture of heart from a 41-day chick. 
a, camera drawing a t  2.20 P.M., when culture was 51 hours old; b, same cell at 
3.20 P.M.; c, at 4.20 P.M.; d,  at 4.55 P.M.; el at 5.15 P.M.; at this time all the cells 
had a similar type of mitochondria; f, camera drawing at  9.20 A.M. of next day, 
culture 70 hours old. All the cells in the culture had the same type of mito- 
chondria as in e. At 4 P.M. most of the cells began to show signs of degeneration 
and a fresh drop of Locke’s solution was put on preparation; the thread-like 
mitochondria, as seen in f, began to fuse into large spindle-shaped masses near 
the nucleus and central body, as in g, where all the mitochondria now present 
at 4.50 P.M. are shown, and the changes which they underwent during the next 
25 minutes are in this particular cell shown in h, i, j ,  k and 1. 
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Size of mitochondria 

The mitochondria vary so greatly in size (fig. 10) that were 
it not for prolonged study of them and the use of a specific 
vital stain such as Janus green it would be difficult to believe 
that they all belong in the same class of granules. Even in a 
single cell great variation occurs from very minute granules 
which are scarcely visible to relatively large masses (figs. 4, 5, 9). 

Fig. 10 Camera lucida drawings of mitochondria of various sizes and shapes 
from different cells and specimens; osmic acid vapor and iron hematoxylin; X 
790 diam. 

Fig. 11 Endodermal cells from 3-day culture of allantois from a 7-day chick; 
Bensley’s aniline fuschsin methylene green stain; X 790 diam. 

Occasionally a cell is seen in which all the mitochondria appear 
to be swollen up and much larger khan those in the surrounding 
cells (fig. 11). To what this is due is not known. 

A mitochondrium under observation frequently seems to change 
in size as well as shape, but so far no micrometer measurements 
have been made to determine this point. Definite increase in 
size has frequently been seen, due to fusion of two granules to 
form a larger granule or to fusion of rods into threads; and 
occasionally all the mitochondria in the cell may become col- 
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lected in several very large granules (fig. 9). In certain patho- 
logical conditions Barratt ('13) has found that the mitochondria 
become abnormally large and stain clearly. 

Number of mitochondria 
The number of mitochondria varies greatly in cells of the 

same kind in the same preparation (fig. 12) and in different 
preparations (figs. 4, 5, 12). Numerous counts of the mito- 
chondria in the same kind of cells in the same preparation show 
that there is no one number of mitochondria peculiar to any 
one kind of cell or to any one stage in the development of the 
cell. The number of the mitochondria appear to decrease and 
to increase under various conditions. This may result from 
fusion or division of the mitochondria without much change in 
the quantity of mitochondrial substance; or this may be accom- 
panied by a corresponding increase or decrease in the amount 
of mitochondrial substance, independent of any fusion or divi- 
sion of the already existing mitochondria. This would indicate 
that some of the mitochondria may at  times entirely disappear 
and that possibly new ones may arise de novo in the cytoplasm. 
Sometimes most of the cells in a growth undergo such changes. 
When observed on one day they may have rather few mito- 
chondria, while on the following day most of the cells may 
contain a marked increase in the number of mitochondria, or 
the opposite phenomenon may take place. This may or may 
not be accompanied by a corresponding change in the quantity 
of mitochondrial substance. Prolonged action of heat causes 
a decrease in the'size and number of the mitochondria, and 
it is hoped that further experimental work will determine what 
conditions cause such changes in the ordinary cultures. 

Quantity of mitochondria 
By the quantity of mitochondria we mean the total mass 

of the mitochondrial substance within a cell. This can only 
be roughly estimated, as some cells with many very small mito- 
chondria have a smaller quantity of mitochondrial substance 
than others with fewer but larger mitochondria. However, in 
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Fig. 12 A, mesenchyme cells from a 2-day culture of intestine from a 5-day 
chick, showing marked differences in shape, size and number of mitochondria. 
The four cells have 74, 8, 27 and 6 mitochondria; Bensley stain; X 790 diam.; 
b,  two adjoining cells from a 2-day culture of heart from a 7-day chick; granular 
type of mitochondria, one cell has 38 and the other 111 mitochondria. Osmic 
acid and iron hematoxylin; x 540 diam.; c, two endodermal cells from a 2-day 
culture of allantois from a 4-day chick; the larger cell contains about 128 and the 
other 27 mitochondria; Bensley stain; x 790 diam. 

many cases of adjoining cells (figs. 11, 12 b) or of the same 
kind of cells in different parts of the preparation (fig. 12 c) 
there can be no doubt that the quantity of mitochondria is 
markedly increased or very much decreased. This increase in 
the quantity of mitochondria is most marked in a few scat- 
tered cells in the growth from a piece of allantois (fig. 11). 

Cells with few mitochondria do not necessarily .have larger 
mitochondria and there seems to be np definite relation between 
size and number or number and quantity. The quantity in the 
cell differs so widely that it has so far been impossible to con- 
nect the quantity of mitochondria with any one factor. Possibly 
it is dependent upon the metabolism of the individual cell. 
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This is also true of cells undergoing division, for there seems 
to be no amount of mitochondria characteristic of any one 
phase of division. Also the variation in the quantity of mito- 
chondria present in any one phase of division is considerable, 
as can be seen (figs. 14, 15, 16). Daughter cells usually have 
a smaller quantity of mitochondria than the metaphase cell or 
than the resting cell (fig. 17). 

S s  to the question whether the amount of mitochondria in- 
creases during mitosis it is impossible to state. So far, we have 
only one definite observation that this is true. In this case the 
living culture was subjected to a temperature of 46°C. for two 
hours, during which period the mitochondria decreased decidedly 
in number and size. Two cells which were under observation 
suddenly began to pass into prophase and during this process 
the number of mitochondria in these two cells increased until 
they contained more than they had before the experiment was 
begun. Although several subsequent experiments with increased 
heat caused a decrease in the quantity of mitochondria no cell 
division was observed. 

No agent but heat has so far been observed which caused a 
change in the amount of the mitochondria without injury to 
the cell. However, it is evident that certain metabolic condi- 
tions must cause a change in the quantity of mitochondria. 

Relation between position, size, number and quantity of 
mitochondria 

No definite relation between the position, size, number and 
quantity of the mitochondria has been observed in the cells of 
the tissue cultures, still there is a more or less marked manner 
in which the mitochondria occur in the cells. Frequently the 
long threads or short rods are plentiful and scattered throughout 
the cytoplasm with or without a definite central body. When 
the mitochondria are in the form of large granules and thick rods 
they are fewer in number and are arranged more or less radially 
around a central body. When only a very few mitochondria1 
granules are present they are usually of the large granule type. 
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All phases in the development of the cell, i.e., daughter cell, 
growing cell, resting cell and dividing cell can be found with 
any one of the above combinations of the mitochondria. How- 
ever, it must not be forgotten that many cells conta,jn part of 
one kind of mitochondria and part of another and that any 
one shape of mitochondria may turn into another at any time 
during observation, and that no one shape of mitochondria 
remains as such for a very long interval of time, but changes 
into another. 

Fig. 13 A, cell from a ?-day culture of heart from a 7-day chick; practically 
all the mitochondria are degenerated, those in the region of the central body 
show most advanced stage of granular rings; x 790 diam.; b, degenerating mito- 
chondria from mesenchyme cell of a 2-day culture of intestine from a 4-day 
chick; X 920 diam. ; c, cell from a 2-day culture of heart of a 5-day chick; all the 
mitochondria have degenerated into granular rings; osmic acid vapor and iron 
hematoxylin; X 790 diam.; d, process of degeneration in a single mitochondrium 
produced by the action of acetic acid vapor on a living cell; e, effect of Cot on 
another mitochondrium in 2 minutes. 

Degenerate mitochondria 

Degenerate mitochondria of various shapes are occasionally 
found in these preparations (fig. 13). A study of the cells of 
the older growths shows that all the mitochondria do not neces- 
sarily degenerate at  the same time. Some cells are found which 
contain many normal mitochondria, some partly degenerate, 
and others entirely degenerate. 
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This degeneration appears first in the mitochondria around the 
central body and later in those scattered at  the periphery 
(fig. 13 a). 

The process of degeneration of the mitochondria can be most 
successfully observed when produced by some outside agency 
such as carbonic acid gas or vapor from a weak acid solution 
(fig. 13 d, e). When the death of the cell is produced experi- 
mentally the mitochondria become first a series of granules which 
soon become slightly vesicular although at  this stage they still 
stain in the characteristic manner. Then these vesicles sepa- 
rate and rapidly become small, finely granular rings or shadows. 
These no longer stain like mitochondria but more like the cyto- 
plasm, i.e., brownish green with Bensley's anilin fuchsin, 
methylen green or pale gray with Heidenhain's iron hemo- 
toxylin, and in the living cell the Janus green does not stain 
them green. It is apparent that some change has taken place 
which has completely changed not only the morphology but also 
the composition of the mitochondria. 

These degenerate mitochondria correspond in many ways to 
the " grains du segregation" described by Dubreuil in the lymph 
cells, but are unquestionably degenerate mitochondria, and they 
can be produced in any cell of these growths by means of various 
agents such as carbonic acid gas, chloretone, acid vapor, hydro- 
gen peroxide and potassium permanganate. 

Meves ('10) and Duesberg ('10) simultaneously found that 
poorly fixed mitochondria show granulation and small bladder 
forms. Other observers have found that granulation is due to 
delay in fixation after death or to disease, as Mayer and Rathery 
('07) experimental polyuria; Takaki ('07) polyuria or prolonged 
fast; Policard ('10) experimental poluria and after injection of 
phlorizin; Policard and Gamier ('07), Cesa Bianchi ('lo), Heiden- 
hain ('11) also obtained similar results. 

Beckton ('10) claims that in a certain tumor no mitochondria 
were present in the tumor cells. In view of the observations of 
Beckwith ('14) it may be possible that certain cells can exist 
without mitochondria, but it seems more probable that the 
apparent lack of mitochondria in the tumor cell described by 
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Beckton may have been caused by delay in fixing the material 
so that the mitochondria became degenerate, or the mitochondria 
may have been present only as degenerate structures which 
did not stain. 

Mitochondria in mitosis 

Naturally, the question a t  once arises: What is the r61e of the 
mitochondria during division of the cell? Many observers be- 
lieve that the mitochondria form a palisade about the spindle 
during late anaphase and then divide and one-half of each mito- 

Fig. 14 Arrangement of mitochondria in the prophase stage; a, from a 3-day 
culture of intestine from an &day chick embryo; x lOs0 diam.; b, from a 3-day 
culture of intestine from a 7-day chick; X 790 diam. ; c, from a 2-day culture of 
heart from a 5-day chick embryo; X 540 diam. 

chondrium passes to each daughter cell (Benda, Duesberg, Meves, 
etc.). Meves ('13) in his work on ascaris egg goes so far as to 
state that not only are the mitochondria present in the egg and 
spermatozoon, but also that the male mitochondria are carried 
into the egg by the spermatozoon and so each egg receives not 
only female but also male mitochondria and the granules result- 
ing from the fusion of the male and female mitochondria are 
distributed to each cell of the embryo. In view of the behavior 
of the mitochondria Meves suggests that they may play a part 
in inheritance. 

THE A M E R I C ~  JOURNAL OF ANATOXY. VOL. 17. NO. 3 
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A study of the fixed specimens seems to show that the mito- 
chondria retain somewhat their original character and shape 
during mitosis (figs. 14-17). They are, however, almost always 
shorter and more scattered through the cytoplasm than in the 
surrounding cells (figs. 4, 5, 14 a, 15 b, d, 17, 18). There are 
usually as many and often more mitochondria in the early stages 
of the dividing cell than in the neighboring cells (figs. 4, 5, 
14 a, b, 15 b). 

There is no indication in the fixed specimens of any arrange- 
ment of the mitochondria about the spindle in such a manner 
that they would undergo division into two parts in the plane 
of cleavage of the dividing cell. On the other hand, all of our 
specimens seem to show that the mitochondria tend to become 
more evenly scattered through the cytoplasm during division, 
and those that happen to be on either side of the cleavage plane 
are carried into the respective daughter cells. 

Since each daughter cell contains only about one-half the 
number of mitochondria found in the mother cell at the time of 
division we must assume that there is an increase sometime 
during the life of the cell between one division and the next, 
otherwise the number would rapidly decrease during each suc- 
cessive division. Now the question is: When does this increase 
take place? Is it during the so-called resting period, or during 
mitosis? In some of the fixed preparations where mitotic figures, 
daughter cells and young growing cells are numerous, it is possi- 
ble to arrange cells in a series according to the stage of recon- 

Fig. 15 Arrangement of mitochondria during metaphase; a, b,  c, f, cells from 
M a y  cultures of heart from 5-day chick embryos; d ,  e, cells from a 3-day culture 
of intestine from an %day chick embryo; X 540 diam. 

Fig. 16 Arrangement of mitochondria during anaphase and telephase and 
young daughter cells, a, b,  c, from a 3-day culture of intestine from an %day 
chick; X 540 diam. Cell a, anaphase has 156 mitochondria, the two daughter 
cells, b,  have 127 and 125 each, while the older daughter cell, r ,  has 151 mito- 
chondria; the neighboring adult cells in this region have been 70 t o  160 mito- 
chondria; d ,  3-day culture of intestine from a 7-day chick; the two daughter cells 
with the smaller dark nuclei have 92 and 49 mitochondria, while the adjoining 
resting cells have only 77 and 48 mitochondria each; x 790; e, daughter cell from 
a 2-day culture of heart from a 5-day chick, with very different type of mitochon- 
dria; X 540 diam.; osmic acid vapor and iron hematoxylin. 
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struction of the nucleus, as indicated in figures 17 and 18. The 
younger nuclei are smaller, darker and more compact and the 
cells are smaller. The older cells are larger and contain larger 
nuclei which are less and less deeply stained. In such a. series 
(fig. 17) the number of mitochondria increases from about 40 
to 150. On the other hand, the old resting cell (k) with a very 
pale nucleus has only 32. In one series (fig. 18 i, j, k, 1) the 
number increases from 24 to 140. In figure 18 one of the two 
daughter cells (c) has 37, the dividing cell (a) has 140, while the 
two neighboring resting cells (e) and (f) have 39 and 47. Again, 
in figure 18, the young daughter cells (d, d) have 37 each while 
older neighboring cells (g, h) have 56 and 58 each. On the other 
hand, another dividing cell (b) near this same group has but 
60 mitochondria. 

From such observations one might conclude that there is a 
gradual increase in the number and in the size of the mito- 
chondria during the growth period of the daughter cells. The 
greatest increase both in number and size seems to occur then 
during the so-called ‘resting’ period which is in reality a period 
of growth both for the mitochondria and for the nucleus. On 
the other hand, while we are unable to determine definitely 
whether the number of mitochondria actually increases during 
the early stage of mitosis there are frequently indications that 
such cells have more mitochondria than mature cells Cell d 
(fig. 5) early prophase has 89 while the resting cells a, b, c have 
47, 51 and 48 mitochondria each. In figure 4 e  the dividing 
cell has 118 while the three neighboring cells have 102, 126 
and 62 mitochondria each. The two cells with the larger nuclei 
are probably older resting cells and each has about the same 
number of mitochondria as in the dividing cell. 

Numerous other specimens seem to show that the dividing 
cells often have more mitochondria than any of the fullgrown 
resting cells in the immediate neighborhood. Sometimes this is 
so marked that there is every indication that the number of the 
mitochondria in some instances may increase considerably dur- 
ing mitosis. It seems probable thereforee that mitochondria 
increase in number both during the resting period and during 
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Fig. 17 Cells from a 2-day culture of heart from a 5-day chick embryo; X 540 
diam.; a, very young daughter cells with 42 mitochondria in each cell; b, slightly 
older daughter cells with 42 and 35 mitochondria; c ,  older daughter cells with 48 
and 75 mitochondria; d, older daughter cells with 43 and 38 mitochondria; e, 
older cells with 66 mitochondria; f ,  older cell with 96; g, still older cell with 156; 
h, prophase with 197 (?); i, metaphase with 117; j ,  anaphase with 174; k ,  old 
resting cell with only 32 mitochondria. 
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mitosis; perhaps in some more during the resting period; in others 
more during mitosis and in still others during both periods or 
only during one. It is very unlikely that one can arrive at  a 
satisfactory solution of such a problem from fixed material, 
since the bodies we are dealing with are subject to such great 
changes in number and size during life. The number of mito- 
chondria is not of much value as an indicator of the totalquan- 
tity of mitochondria1 substance. 

i 

Fig. 18 Cells from a 2-day culture of heart from a 5-day chick; X 540 diam. 
Cell a in anaphase has about 140 mitochondria, while b has only about 60, the 
young daughter cell c has 37, the two daughter cells d, d have 36 each; the older 
cells e,  f, Q and h have 39, 47, 58 and 56 mitochondria respectively. In  the series 
i, j ,  k ,  1, the young cell i has only 24, the older cells j and k have 41 and 42, while 
the mature cell 2 has 140 mitochondria. 

We have indicated that the daughter cells not only have 
about one-half the number of mitochrondria found in the mature 
cells, but that the mitochondria are sometimes smaller. 

Does the increase in number during the growth periocj come 
about through division of preexisting mitochondria (a process 
which frequently takes place) or do mitochondria arise de novo? 
So far as our observations go, either or both processes may occur. 
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The only certain method to determine just how and when the 
mitochondria increase is to follow several living cells through 
complete cycles. Unfortunately, the cells of tissue culture often 
round up during late metaphase and anaphase (fig. 15 e, f )  so 
that it is impossible, except in a few cases, to follow the indi- 
vidual mitochondrium throughout cell division. 

The process of mitosis is an exceedingly slow one compared 
with that described in other tissues: Prophase 10 to 20 minutes, 
metaphase and anaphase, 1 to 2 hours; while the period from 
anaphase including telophase to the daughter cells is an exceed- 
ingly short one, never more than five minutes from the time the 
chromosomes are arranged at the opposite poles of the spindle 
until the cytoplasm is divided, except for slender processes, and 
such stages are correspondingly few in number in the permanent 
preparations. 

We have not been able to follow the number of mitochondria 
through a complete cycle of the cell in the living cultures. We 
have, however, been able to watch the behavior of the mito- 
chondria during mitosis in a few living cells. Usually the mito- 
chondria are scattered throughout the cytoplasm and remain so 
during cell division. About one-half of the mitochondria pass 
to each daughter cell, namely, those which happen to be on one 
side or the other of the cleavage plane. In two or three cells 
during late anaphase most of the mitochondria became arranged 
in rather of a broad zone around the spindle in the area through 
which the division plane later formed and one-half of the number 
of mitochondria passed into each daughter cell. There was no 
indication of any division of the mitochondria1 granules; in fact, 
in one cell it was clearly observed that several thread-shaped 
mitochondria passed over entire into one of the daughter cells. 
A division of the mitochondria such as observed by Meves ('08) 
and Duesberg ('10) was never observed. We find as did Buch- 
ner ('09, '10, '11) that this characteristic arrangement of the 
mitochondria during division of the cell is by no means a con- 
stant occurrence. 

We have already stated that we are uncerta,in whether there 
is an actual or only an apparent increase in the amount of 
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mitochondria during mitosis. So far we have only.one direct 
experimental observation to offer, and in this particular case 
there was an actual increase in the number and possibly also 
in the quantity. In this experiment the temperature had been 
raised from 39 to 46°C. and was retained at 46°C. for two hours. 
There resulted a decided decrease in the amount of mitochondria 
within all the cells. The nuclear 
wall disappeared, the nucleoli faded and the chromosomes ap- 
peared. These cells, which a few minutes before had contained 
only a very few mitochondria, now became full of short dumb- 
bell-shaped rods, while the resting cells did not undergo any 
change. So far as could be seen by most careful observation, 
this increase in quantity of mitochondria was not due to the 
division of the existing granules. 

Two cells began to divide. 

Mitochondria in diferent kinds of cells 

Regardless of the fact that the mitochondria constantly change 
in shape, size and quantity in any one cell, there is a character- 
istic appearance of the mitochondria in certain kinds of cells, 
as, for instance, the short, rod and dumbbell shapes are most 
frequently found in the cells of the endodermal membrane; 
the long threads, rods and sometimes loops are found more fre- 
quently in the connective tissue; the small granules and short 
rods are frequent in nerve fibers and cells, and are often much 
smaller than those of the connective tissue cells over which the 
nerve fiber passes; a striated arrangement together with scat- 
tered granules is characteristic of the fibroblasts; and the large 
granules ,are more frequently seen in the heart and smooth 
muscle syncitium than in any other kind of tissue. At times 
the growth from the explanted intestine or heart. contains only 
cells with thread- and rod-shaped mitochondria. Again, a large 
proportion of such cells contain only large granules. These 
granules are frequently so large that they are clearly seen with 
the low power. They are collected about the central body and 
appear to be more refractive than other types of mitochondria. 
Occasionally these large granules fuse. That they are not a 
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degenerate form of mitochondria is shown by the fact that such 
cells frequently divide. In case of mitosis the mitochondria 
spread around the nucleus, and the large granules become short 
rods or dumbbell-shaped rods. 

While these certain characteristic appearances of the mito- 
chondria are found as a rule in the different kinds of cells, never- 
theless the shape, positio-n, size and quantity vary so much that 
it is not always possible to distinguish the kind of cell by the 
appearance of the mitochondria. 
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Fig. 19 A, effect of 2 per cent glacial acetic acid vapor on the nucleus and 
adjoining mitochondria and upon a single thread-like mitochondria; b, effect of 
strong ammonia water vapor on another nucleus with adjoining mitochondria 
and on a single thread-like mitochondrium, the reaction in both cases was almost 
instantaneous; c ,  effect of ammonia vapor on a single mitochondrium followed 
after 20 minutes by the vapor of 1 per cent glacial acetic acid; d, effect of hypo- 
and hypertonic solutions on 4 mitochondria. 

EXPERIMENTAL WORK 

Mitochondria in the living cell react rapidly and definitely 
to certain stimuli and in many cases they react more rapidly 
than either the cell as a whole or any other structure of the cell. 
This reaction, to be sure, often resembles a disintegration of 
the mitochondria and results in the rapid formation of varicose 
mitochondria and then the separation of the varicose mito- 
chondria into a number of small, finely granular rings. 

, 
Reaction to acids 

When the culture is subjected to the action of carbonicacid 
gas (fig. 13 e) or the vapor of acetic, sulphuric, hydrochloric, 
chromic and other acids (fig. 19 a, 13 d) the mitochondria1 threads 
rapidly assume a varicose condition and soon separate into a 
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number of small granular rings of uniform size. Hydrogen per- 
oxide, potassium permanganate and chlorotone, each produce a 
similar result. 

Reaction to alkalies 

Alkalies, ammonia gas and sodium hydroxide, on the other 
hand, cause the mitochondria to swell without any sign of vari- 
cosity. The nucleus also becomes larger and more transparent 
(fig. 19 b). 

If the ammonia vapor is followed by vapor from acetic acid 
the acid will cause the mitochondria and also the nucleus to 
return to the normal condition. We have not succeeded in 
stopping the action of the acid at  this point, however, and the 
mitochondria become degenerate rings (fig. 19 c). 

Reaction to xylol, chloroform, ether 

Xylol, chloroform, and ether simply remove the mitochondria1 
material, or possibly dissolve the mitochondria and leave shadow 
forms or slight traces of degenerate mitochondria. 

Reaction to hyper and hypotonic solutions 

Changes in osmotic pressure affect the mitochondria often 
before any change is seen in the cytoplasm. Hypertonic solu- 
tions shrink the mitochondria while hypotonic solutions cause 
them to become swollen. The effect of a hypertonic solution 
can be removed by a decrease in the osmotic pressure of the 
solution, and, vice versa, that of a hypotonic by an increase in 
the osmotic pressure (fig. 19 d). 

Reaction to heat 

Heat gives interesting results. With an increase in the tem- 
perature of the warm stage on.which the preparation is studied 
from 40 to 48"C., the mitochondria become round granules within 
fifteen or twenty minutes, regardless of their previous shape 
(fig. 20). The size of these round granules is determined by 
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the size of the mitochondrial thread or rod before the heat began 
to act. When the heat is applied the mitochondria do not divide 
into a number of granules, as is sometimes the case when Janus 
green is used, but each one rounds up as a whole and forms one 
round granule for each mitochondrium With rapid cooling of 
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Fig. 20 Part of living cell, d r a m  with camera lucida, showing position of 
4 mitochondria which were drawn a t  intervals, while the temperature w m  first 
increased and kent a t  46 to 48°C. for 15 minutes, then cooled to  39' tor 3 minutes 
and again increaaed to 44 to 46" for 20 minutes; again cooled to 39" for 8 min- 
utes, and finally increased to 48" again. 

the preparation, by passing cold water through the coils of the 
warm stage, the mitochondria r e t w  to their normal shape 
Prolonged heat, such as 46°C. for over an hour, has in a few 
instances reduced the number and also the size of the mito- 
chondria in a given cell. 
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VITAL DYES 

Janus green 

Janus green (di-ethyl saffranin azo di-methyl aniline) has been 
considered a more or less specific stain for mitochondria in the 
living cell, according to Laguesse ('99), Michaelis ('99), Bensley 
('11)' Cowdry ('12-'14). Unfortunately, in our preparations, 
while the dye stained the mitochondria a brilliant blue-green, 
it was also toxic to the cells, and even the weakest solution 
(1-200,000) which definitely stained the mitochondria caused 
the death of the cells within a few hours. Not only did the 
dye prevent further growth, but in most instances it also caused 
various amounts of distortion of the mitochondria. In afew 

I '  i i l jt 
b '  
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Fig. 21 Changes exhibited by 4different cells after applicationof Janus green; 
in a and b the mitochondria were all long threads before the Janus green was 
applied and had begun to  split up before the drawings could be made. 

cases the mitochondria moved, changed shape and appeared quite 
normal, although distinctly stained, but usually the mitochon- 
drial threads or rods separated into granules (fig. 21), shortly 
after the stain was applied. This is an indication of a slight 
degree of degeneration on the part of the mitochondria (see 
experimental work) and possibly the cell is already injured, 
although not so greatly as to interfere immediately with the 
activities of the cell, as in many cases the cell continued to 
move after the stain had been applied and in one observation 
on a heart muscle cell in which the mitochondria granules were 
deeply stained with a (1-100,000) Janus green solution the cell 
continued to beat for one hour and forty minutes. At the end 
of this time the stain had faded out and the cell ceased to beat. 

The dye was dissolved in the Locke's solution, which was 
used for that particular explantation, and after a drop of the 
solution containing the dye warmed to 39°C. had been dropped 
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on the growth it was drawn off and the tissue again bathed in 
a fresh drop of the warm solution free from dye. The mito- 
chondria take up the dye within a few minutes and remain 
stained from thirty minutes to two hours. So far as we have 
observed, the intensity with which the mitochondria stain does 
not depend upon the strength of the solution. A very weak 
solution (1-100,000) gives as intensely stained mitochondria as 
does a strong solution (1-5000). A weak solution, such as 
1-100,000 Janus green, stains only the mitochondria a blue- 
green, while the cytoplasm, nucleus, and nucleolus remain clear. 
A strong solution (1-5000), however, stains the cytoplasm a pale 
green, the mitochondria a darker green, the nucleolus green, 
and the nucleus a more or less violet-green. 

N i b  blue B extra and brilliant cresyl blue 2 b 
Aside from Janus green, no dye used in these observations 

stained the mitochondria in the living cell. Both nile blue A 
concentrated or B extra and brilliant cresyl blue 2 B, however, 
did stain the mitochondria after the death of the cell, especially 
after fixation either with neutralized formalin vapor or osmic 
acid vapor. This is interesting in connection with the work 
of Lorrain Smith ('08) on differential stains for fats. He states 
as follows: 

It was observed that watery solutions of nile blue sulphate (A), a 
colour stuff of the oxazine series, stains the fat globules contained in 
tissue cells in various colours. In  the majority of cases the fat globules 
are stained a brilliant red; occasionally globules are present which take 
a blue stain, and not infrequently the colour is due to a mixture of blue 
and red. . . . We may express the reaction in the following 
way: The fatty acid combines with the oxazine base to form a blue 
soap, whereas both neutral fat and fatty acid merely dissolve the rela- 
tively weak oxazone base (red). 

He remarks in relation to tissues fixed with formalin that 
the globules stain readily either red or blue according to their 
composition : 

When a globule contains a small amount of fatty acid and a large 
amount of oxazone base is present in the solution of the dye, the globule 
becomes predominately red, whereas if the stain is relatively weak in 
oxazone the blue colour of the oxazine staining is more apparent. 



378 MARGARET R. LEWIS AND WARREN H. LEWIS 

clear 

clear 

We found that not only do nile blue (A concentrated and B 
extra) and brilliant cresyl blue (2 b) show the above changes 
of color found by Smith ('08) with fats but also that each dye 
changes from blue to pink in the presence of certain other sub- 
stances as shown in table 1. 

Both brilliant cresyl blue 2 b and nile blue B extra are toxic 
to the cell, and a preparation never lived more than an hour 
after even the weakest (1-200,000) solution of the nile blue B 
extra. Brilliant cresyl blue 2 b is less toxic than nile blue and 
each of these stains is in a way antiseptic, for no infection took 
place after the stain was used although the dye was not steri- 
lized. The color reactions with these stains on the living and on 
the dead cells are shown in table 2. 

TABLE 1 

clear 

clear 

Sodium carbonate.. ............. 
Sodium carbonate. . . . . . . . . . . . . . .  
Lithium carbonate.. . . . . . . . . . . . .  
Potassium hydroxide. ........... 
Sodium hydroxide. . . . . . . . . . . . . . .  
Ammonia water.. . . . . . . . . . . . . . . .  

clear 

pale 
blue 

(in solution) 

(in solution) 
(dry) 

refrac- 
tive 

refrac- 
tive 

TABLE 2 

Nile blue 
B extra 

Brilliant 
cresyl blue 
2b 

NILE BLUE I BRILLIANT CRESYL 
B EXTRA BLUE 2B 

pale blue blue- blue clear blue blue 

pale blue- blue blue clear purple gray- 
blue violet 

violet violej violet 

blue 
red 
pink 
pink 
pink 

precipitate red 

blue 
bluish violet 
violet 
pink 
pink 
dirty brown 

solution 

Nile blue 
B extra 

Brilliant 
cresyl blue 
2b 

Living eel1 

pink 

pink 

blue 

purple 

clear 

clear 
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The difference in the results obtained when these dyes are 
used upon dead cells and when used upon living cells shows 
clearly that the chemical conditions which exist in the living 
cell are quite different from those in the dead cell. What hap- 
pens in the living cell to prevent the mitochondria and fat glob- 
ules from taking on the pink or blue color which is assumed 
immediately upon the death of the cell? Was the dye itself 
oxidized and why did the vacuoles and certain other granules 
stain? The vacuole certainly does not take the pink color due 
to the presence of fat of any kind, for death of the cell would 
hardly remove the fat but would only change it possibly from 
neutral to acid fat and the vacuole should then change from 
pink to blue color instead of fading out entirely. If on the other 
hand the pink color is due to the alkaline nature of the vacuoles, 
why then does it not either remain pink or else become blue? 
Why does the nucleus remain unstained until death of the cell 
begins and then the nucleolus first take on the stain and later 
the nucleus? Is the pale blue color of the nucleus after brilliant 
cresyl blue 2 b in the living cell a delicate indicator that the cell 
is injured by the dye? These are but a few of the questions 
suggested by the different action of these dyes upon the dead 
and the living cell and which must be left for the physiological 
chemist to solve. 

This change is most readily seen when a cell has first been 
stained while it is living and then fixed under the microscope. 
As the preparation dies the pink vacuoles fade out and the 
nucleolus, the nucleus, cytoplasm, fat globules and mitochondria 
stain. This is not due to the direct action of the fixative upon 
the stain itself since a fixed preparation which has been well 
washed with Locke’s solution gives the same results with these 
dyes. 

Iodine 

It might be mentioned in this connection that while the vapor 
from a crystal of iodine did fix the mitochondria as reddish 
brown threads, rods and granules, there was no evidence of 
any port wine colored granules of glycogen attached to any 
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mitochondrium nor within the loop or ring shaped mitochondria. 
A few glycogen granules were occasionally present, however, 
as could be distinguished by the color reaction. The fat glob- 
ules stain first a pale port wine color which later becomes black- 
ened. If Guilliermond's ('13) conclusion that the loop-shaped 
mitochondria give off glycogen granules is correct, one would 
certainly expect to find that iodine used in connection with un- 
fixed material would show this at least during the final stage 
in the formation of the glycogen when the granule lies free but 
still in the neighborhood of the mitochondrium from which it 
came. 

CERTAIN OTHER CELL STRUCTURES AND THEIR RELATION TO THE 
MITOCHONDRIA 

Grand es 

Certain other granules were present in most of the cells of 
these growths, but so far, these granules have not been carefully 
studied. They can be differentiated from mitochondria of simi- 
lar shape by the greater rapidity with which the granules move 
through the cytoplasm. Certain of the vital dyes which color 
these granules leave the mitochondria unstained. Neutral red 
usually stains one or several granules near the central body. 
Nile blue B extra and brilliant cresyl blue 2 b also stain certain 
granules near the central body. In cells which contain the body 
we have termed vacuole (see below) one or more of these granules 
are present within the vacuoles and are stained blue within a 
pink vacuole (nile blue B extra) or purple within a pink vacuole 
(brilliant cresyl blue 2 b). These granules are few in number in 
the normal cell but plentiful in cells which contain many vacuoles. 
Other vital dyes stain certain granules within the cell, but so 
far as our observations go they are the same as the neutral red 
granules or else as the nile blue, and brilliant cresyl blue granules. 

At times the granules within the vacuole take the Janus green 
color as a very pale green, but no other relation between these 
granules and the mitochondria has been found. 
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Vacuoles 

There are two distinct types of degeneration of the cells of 
the tissue cultures. The cell either suspends activities, rounds 
up and dies, or else the cell continues its usual activities but the 
cytoplasm becomes filled up with vacuoles and the mitochonaria 
become small granules (fig. 22). In a healthy cell a vacuole is 
often seen to  come and go in the cytoplasm, but when several 
vacuoles remain in the cytoplasm degeneration has begun and 
the cell never again resumes its normal appearance, but con- 
tinues to accumulate vacuoles until most of the cytoplasm is 
used up and only a network which contains scattered granules 
remains. 

: . . . 
. . :  . .  

. .  . , . - - .  . . _ - .  
. .  . ’ . .  , 

. .  . 

Fig. 22 Cell from a 3-day culture of intestine from a 7-day chick embryo; 
the cell has a number of vacuoles near the nucleus, most of the vacuoles contain 
one or more granules; X 1580 diam. 

In the fixed and stained preparations the vacuole appears 
ejther as a clear space often diffjcult to differentiate from the 
fat globule space, or it appears as a clear space within which is 
% faintly stained granular substance (gray with Heidenhain’s 
iron hematoxylin or red brown with Bensely’s anilin fuchsin, 
methylen green stain). 

In the living cell these vacuoles are distinctly different from 
the fat droplets. They appear to be fluid spaces not at all 
refractive, in fact, they resemble a hole in the cytoplasm. Small 
dancing granules which vary in number from one to many may 
be suspended in the fluid of the vacuole or closely attached to 
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the side. These granules usually stain a pale green with Janus 
green stain. 

Nile blue €3 extra and brilliant cresyl blue 2 b each act as a 
differential stain for these bodies. The vacuole stains pink and 
the granules blue (nile blue €3 extra) or purple (brilliant cresyl 
blue 2 b, fig. 23). 
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Fig. 23 Observations on the behavior of vacuoles in the living cell with 
brilliant cresyl blue 2 B (Bee text). 
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Brilliant cresyl blue 2 b, which is much less toxic than nile 
blue B extra, shows a most interesting behavior on the part of 
these vacuoles and granules. A vacuole may appear in the cyto- 
plasm as a clear unstained space which at first contains no 
granules, but within five to ten minutes the granules appear as 
dancing bodies as though they were the result of some conden- 
sation and precipitation Githin the vacuole. This process con- 
tinues and the vacuole takes on first a pale violet color, but later 
a bright pink, and the granules condense into one or two purple 
granules. Then the vacuole exhibits various movements such as 
sending out long pink streamers or threads or becoming U-shaped. 
Such a vacuole may decrease in size until only the purple gran- 
ule can be seen. When a cell which contains many vacuoles 
is stained, all gradations between the pale non-granular vacuole 
to the single purple granule can be seen. 

One of the many observations made upon healthy cells in 
which vacuoles appear is given in full below (fig. 23). 

10.45 A.M. 1 gtt. (1-100,000) brilliant cresyl blue 2b in Locke’s 
solution + 0.25 per cent dextrose was placed on the preparation. 

10.50 A.M. The cytoplasm remains clear, several purple granules 
appear. The mitochondria are unstained, slightly refractive bodies, 
the fat globules are unstained and highly refractive, the nucleus is 
unstained, but the nucleolus is a pale blue (fig. 23 a). There is present 
one vacuole in the cell, which is stained a brilliant pink and contains 
a large purple granule. The vacuole sends off a long pink streamer 
quite as long as the thread-like mitochondria but not so thick (fig. 
23, vac. a.). The vacuole manifests great activity. The streamer at 
times becomes detached from the vacuole and fades out. Again it 
appears, to be drawn into the vacuole or sent out from the vacuole. 
Fig. 23 b. 

The streamer no longer appears, and the vacuole itself 
begins to change shape (fig. 23 b) and continued until 11.30 when the 
vacuole began to grow smaller and a deeper pink. It then remained 
more or less quiet but grew much smaller in size. 

The vacuole again sent off a pink streamer which lasted 
only two or three minutes, after which the small vacuole with one 
large granule remained quiet. 

11.00 A.M. A small granule (x) at the other side of the nudeus moves 
rapidly to and fro between the nucleus and the periphery several times 
(fig. 23 c, d, e, f ) .  A streamer of pink follows the purple granule until 
at 12 noon while the granule moved rapidly towards the nucleus the 
streamer broke off two pink granules which instantly faded out. 

1 1 . 0 0 ~ . ~ .  

1.05 P.M. 
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12.30 A.M. The granule shows no sign of pink vacuole or streamer 
and remains quiet near the nucleus. 

11.20 A.M. A clear unstained vacuole (vac.b.) appeared in the cyto- 
plasm between two of the purple granules (fig. 23 g) and behaved as 
follows, (fig. 23 h). 

11.30 A.M. It became a pale violet vacuole with a few dancing un- 
stained granules. 

1 1 . 4 5 ~ . ~ .  It was a violet vacuole with purple granules. 
11.50 A.M. Violet vacuole became pink with purple granules. 
12.00 NOON. The vacuole condensed into a small bright pink vacuole 

with only one purple granule. 
12.13 P.M. The vacuole entirely disappeared and only the purple 

granule remained. 
12.20 P.M. Purple granule sent out a pink streamer. 
12.45 P.M. The pink streamer osculates and is rapidly sent out and 

drawn in again. 
1.45 P.M. The granule became quiet and the streamer disappeared. 

The purple granules later moved as a rod from the periphery of the 
cell in towards the nucleus and back sweral times. It passed over 
and under the mitochondria without hindrance. Other purple gran- 
ules in the cell moved rapidly without streamers, some as double gran- 
ules, others as rods or as single round granules. 

12.10 P.M. A pale space appeared in an adjoining cell (fig. 23 i). 
12.15 P.M. This space became pale violet. 
12.20 P.M. Violet color changed to pink. 
12.25 P.M. Granules appeared in the vacuole. 
12.27 P.M. Granules became deep purple granules. 
The mitochondria and the fat globules remain unstained in all the 

cells of the growth. In  some other cells of the growth many pink vacu- 
oles are present and also many purple granules. In such cells the 
mitochondria are mostly small granules and only a few rod- or thread- 
like ones remain. In the cell under observation the mitochondria did 
not change type although they were continually changing shape. 

There was no direct connection between the mitochondria 
and the formation of the vacuoles in the above observation, and 
yet in many cells there is often a coincident change in the shape 
of the mitochondria until in cells which contain many vacuoles 
within the cytoplasm the mitochondria are no longer in the 
shape of rods and threads but then appear as smallgranules. 

As stated above, the fixed and stained preparations (fig. 24 a) 
do seem to  show all stages in the formation of the vacuoles 
from the mitochondria just as Dubreuil and Guilliermond have 
shown the formation of bodies from the mitochondria. How- 
ever, the fact  that the vacuoles have been observed to arise 
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independently of the mitochondria, although there is a coincident 
change in the shape of the mitochondria makes one exceedingly 
wary of accepting any evidence from the fixed and stained prep- 
arations in this regard without corroboration from observations 
upon the living cell. 

-//,// 
b 

Fig. 24 One-day culture of heart from a 5-day chick embryo; a ,  cell with 
various shaped mitochondria similar t o  those figured by Dubreuil and Guillier- 
mond, which led them to conclude that  mitochondria formed fat and other 
bodies. Observations on this cell while living gave no evidence for the forma- 
tion of such bodies from the mitochondria; b and c show successive forms of 
two mitochondria from the above cell and d also shows changes exhibited by a 
singlc mitochondrium that  Guilliermond might have interpreted as showing the 
formation of a droplet ; e ,  the  rod-shaped mitochondrium which is applied closely 
to  the vacuole was observed, while the cell was living, t o  migrate from some little 
distance to the vacuole; it had no connection with the formation of the vacuole. 
If the specimen had been fixed to  show the condition, as in  e ,  one might have 
concluded that  the mitochondrium had something t o  do with the formation of 
the Facuole or droplet. 

Certainly the mitochondria are intimately connected with any 
change in the cytoplasm, often as in the case of heat wit,hout 
manifestation of change by other bodies in the cytoplasm, and 
i t  is probable that any change which takes place in the cyto- 
plasm such as would cause the formation of vacuoles or other 
bodies would also have an influence upon the mitochondria of 
that cell. 
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Fat globules 

The connection between the mitochondria and the formation 
of fat is a very complex and much discussed subject. It has 
undoubtedly been shown that the mitochondria are bodies which 
contain lipoid (Faur4Fremiet '09; Regaud and Mawas '09; 
Faur6-Fremiet, Mayer, Schaeffer, '10; Regaud '10; Mawas '10; 
Mayer, Rathery, Schaeffer, '10; Duesberg '11 ; Dubreuil '13; 
Cowdry '14). Our experimental work shows that the mito- 
chondria act in many ways like bodies which contain lipoid. 
They are soluble in xylol, chloroform or ether, are slightly black- 
ened by means of osmic acid, and in fixed preparations are stained 
blue by means of nile blue B extra and yellow by means of Sudan 
111. It seems probable that the bodies which contain lipoid 
should form the fat globules, and many observers have tried 
to establish this (Metzner '90, Zoja '91, Loyez '09, Russo '09, 
Dubreuil '13). Others have claimed that the mitochondria are 
indirectly connected with the formation of fat (Rluntschli '04, 
Van der Stricht '05, Van Durme '07, Lams and Doorme '08, 
Schoonjarris '09). 

The masterly papers of Dubreuil ('11, '13) appear toshow 
clearly and concisely each step in the formation of fat droplets 
from the mitochondria, and without doubt from the fixed mate- 
rial which Dubreuil had at hand it seemed to be the logical con- 
clusion that the fat is formed from the mitochondria. Guillier- 
mond ('13) in a set of observations equally clear uses many 
figures similar to those of Dubreuil, but reaches the conclusion 
that the mitochondria form the glycogen granules of certain 
cells. It is certainly evident from our observations that no defi- 
nite conclusions can be drawn from the morphology of the mito- 
chondria present in any one cell at any one time. Various 
chemical tests and continued observation of a given niitochon- 
drium are necessary to establish any morphological conclusion. 

In  our fixed preparations (fig. 24 a) all the figures shown by 
Dubreuil as evidence that the mitochondria form the fat can 
be found, i.e., threads, loops, rings and fat droplets, but the 
study of any one such mitochondrium in the living cell has 
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never shown that fat droplets arise from mitochondria (fig. 
24 b, c, d). A thread may form a loop, but the loop changes 
back again into a thread instead of continuing into a ring. 
Various rings studied have never changed into globules during 
observation but have become rods or threads or granules. Such 
appearances as figure 24 e, were caused by the migration of a 
mitochondrium to the edge of a vacuole and not as both Dubreuil 
and Guilliermond might conclude, that the mitochondrium 
formed the vacuole. Certain granules or thick rods seen in the 
living cell have the appearance of hollow bodies in the perma- 
nent preparations and correspond to some of Dubreuil's figures. 
This appearance may be due to fixation as Kingsbury ('11) 
suggests, i.e., that the osmic acid reduced more at  the surface 
and later the more soluble interior is dissolved out. Both 
Meves ('08) and Duesberg ('11) describe the clear inner part of 
the mitochondrium, to quote Duesberg, the mitochondria were 
first present in the early rabbit embryo as small gianules but 
these increase in volume and become large granules at  the end 
of the third day. They have a clear central part with a dark 
outer edge. Such appearance was seldom seen in the living 
cell and it is possible that these as well as certain figures of 
Dubreuil and Guilliermond were formed by the method of fix- 
ation. Cells which contain both loop and ring shaped mito- 
chondria frequently show no sign of fat formation, while other 
cells which are accumulating fat show no mitochondria of the 
shape which Dubreuil leads us to suppose form the fat droplet,s. 

There are three distinct types of fat in these tissue culture 
growths. First, that in the cells which grow out from tissues 
that at  the time of explantation of the piece of tissue, con- 
tained fat droplets as the yolk membrane or the migrating fat 
cells. There seems to be a predetermined ability on the part 
of these cells to form fat, as is clearly shown where thegrowth 
from the yolk membrane adjoins that from the connective tissue 
(fig. 25). Each new yolk membrane cell contains fat droplets 
similar to those of the explanted piece of the yolk membrane. 
In these cells the mitochondria are usually in the form of small 
granules and the fat droplet is surrounded by granules which 
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stain like mitochondria. In  the migrating fat cells which contain 
few fat globules some of the mitochondria may be in the form 
of threads or short rods but there is a coincident change in the 
shape of the mitochondria with the accumulation of fat drop- 
lets so that a cell which is crowded full of fat droplets contains 

Fig. "3 Photograph of part of a 2-day culture of intestine from a 6-day chick. 
The explarited picce of intestinc is from the region where the yolk-sac is attached, 
and the cells on tho left oi the culturc are similar t o  those from cultures of the 
yolk-sac; each endodermal cell has onc or two large fat globules; on thc right are 
mesenchyme (,ells free or almost free from fat. 

only small granule shaped mitochondria. The fat droplets are 
outlined by a row of granules which stain like mitochondria 
(fig. 26 b). 

The second type of fat is one or two small round refractive 
granules found in almost all the cells of the growths. These 
fat globules have not been observed to increase markedly in 
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size or to change their shape. During mitosis they remain 
stationary and all may pass over to one daughter cell or part 
to one and part to the other daughter cell. No relation between 
these fat globules and the mitochondria was observed. Cells 
which contain one or no fat globules often contain loop or ring 
shaped mitochondria, but prolonged observation of these has 
riot shown any increase in the amount of fat. The third type 
of fat is that of an accumulation of fat droplets in many of the 

Fig. 26 A ,  b,  cells from a 2-day culture of heart from a 10-day chick in which 
fat i s  accumulating; n was studied while living, after staining with nile blue 
R extra, after osmic acid vapor, after nile blue B extra again, Sudan 111 and 
Bensley’s aniline fuchsin methylene green. No relation could be found between 
mitochondria and the forniation of fa t ;  b, a typical wandering fat cell with many 
sinall granular mitochondria about the fat droplets; c, cell from a 2-day culture 
of heart from a 11-day chick, accumulating fat; prolonged fixation with osmic 
acid followed by iron hematoxylin; the fat  appears as dark granules. 

cells of a preparation due to some unknown cause (fig. 26 a, c). 
These cells accumulate fat droplets from day to day, and some 
cells may become crowded full of fat droplets within forty-eight 
hours. Such cells should show the relation between the nitro- 
chondria and the fat globules were such a relation present, but 
so far as our observations go none such could be established. 

It is 
possible to treat the same cell with various fat stains in succes- 

These three types of droplets are undoubtedly fat. 
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sion and t,o compare the results. The cell shown in figure 26 a 
was first studied and drawn while living. The clear, refractive 
fat globules were easily recognized. A drop of nile blue B extra 
(1-100,000) was added without any change in the appearance of 
either the fat globules or of the mitochondria. After a few 
minutes this was washed off and the preparation was fixed in 
osmic acid vapor for a few minutes. The same cell was then 
examined and the fat globules were stained a yellow brown, 
while the mitochondria remained clear. ,4 drop of nile blue 
B extra was then added. The fat globules took a dark blue 
stain and the mitochondria a pale blue. A drop of Sudan I11 
was then added and the fat became yellow while the mitochondria 
stained a trace of blue. The specimen was then dehydrated 
and stained with Bensley's anilin fuchsin, methylene green. The 
fat droplets were dissolved and the mitochondria stained a bril- 
liant red. 

Early in the experimental work it was observed that the mito- 
chondria under certain conditions became granules around a 
vesicle. This vesicle stained pink with the nile blue B extra in 
the living cell, and at  that time it was supposed that this indi- 
cated the formation of a fat by the mitochondria since Lorrain 
Smith ('08) had shown that nile blue stained neutral fat pink 
in tissue cells. Later it was observed that nile blue B extra 
only stains fat in the dead and not in the living cell, and there- 
fore there was no indication that the mitochondria are in any 
way connected with the formation of fat. 

So far as our observations go they show no direct relation 
between the mitochondria and the formation of fat, although 
in some cases there is a coincident change in shape of the mito- 
chondria with the accumulation of fat droplets. 

Canalicular system 

One of the interesting cytoplasmic structures, the canalicular 
system, found by other observers, has as yet not been observed 
in these living cells. 

Bensley ('ll) by means of neutral red observed the small 
canaliculi as clear spaces in the deeply stained pancreatic cell. 
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In the cells of tissue cultures neutral red stains only a few gran- 
ules unless used in such strong solutions as to stain the entire 
cytoplasm. In such cases a few clear unstained spaces were seen, 
but a study of the living cell and of the same cell fixed after 
the neutral red stain by means of osmic vapor and stained with 
Bensley’s anilin fuchsin, methylen green stain demonstrated that 
the clear space seen in the cells stained with strong neutral red 
solution are only the unstained mitochondria. 

The description of the Binnennetz given by Perroncito (’11) 
certainly resembles in many ways the behavior of the mito- 
chondria in the tissue culture cells. He finds a network which 
is like that sometimes seen in these cells, and the ‘corona’ of 
granules shown in some of his figures appears very much like 
the mitochondria granules radiating out around the central body. 
In some of our permanent preparations where vacuoles are 
present these spaces have all the appearance of the canalicular 
system. 

Prolonged fixation in osmic acid did not reveal the canalicular 
system, although the mitochondria became slightly blackened 
by the action of the osmic acid. However, none of the special 
stains for the canalicular system were used, as we desire to deal 
only with the structures seen in the living cell. 

Amitosis and giant cells 

Many cells of these growths contain two or more nuclei and 
the membrane within the nucleus, which Childs (’07) described 
as connected with amitosis, is occasionally seen in such cells, 
but no definite relation between such cells and the mitochondria 
has been observed. Certainly in some giant cells containing 
many nuclei, the number of mitochondria present is far greater 
than that present in a normal cell of the same growth, in fact, 
it is so much greater that it seems to be definitely related to the 
amount of nuclear material and to the extent of the cytoplasm. 
These cells show clearly that there is some other method of 
increase in the number of mitochondria than that of division 
a t  the time of mitosis, for these giant cells appear to be formed 
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by an amitotic division of the nucleus without a coincident 
division of the cytoplasm. 

In regard to the structures of the differentiated cell, such as 
muscle fibrillae, etc., we have no observations to offer. How- 
ever, from the behavior of the mitochondria in various shaped 
cells it is quite evident that any change which affected the 
morphology of the cell might also change the position of the 
mitochondria in such a way that they might appear to be con- 
nected with the formation of the differentiating structure. 

DISCUSSION 

We have made no attempt to formulate a theory from the 
above observations in regard to the origin or function of the 
mitochondria. A review of the literature shows that the mito- 
chondria have been found in almost every kind of cell. They 
are present in the oocyte and spermatocyte (Benda '97, Van 
der Stricht '00, Meves '11, and others) and are carried over by 
the spermatozoon into the egg cell in fertilization (Benda '11, 
Meves '11); they are abundant in cells of the young embryo 
(Meves '08, Itubaschkin '11); they occur in plant cells as well 
as in the cells of most animals, including certain of the Protozoa 
(Lams '09, Duesberg 'lo, Meves '04, Guilliermond '12). It is 
claimed that they form certain cytoplasmic structures such as 
the fibrillae of the connective tissue (Meves 'lo), the neuro- 
fibrillae in the growing neuroblast (Hoven 'lo), the myofibrillae 
(Duesberg '10, Torraca '14) the fibrillae of the epithelial cell 
(Herxheimer '89, Korotneff '09, Faur6-Fremiet 'lo, Firket '11) ; 
that they play a part in the process of cornification (Firket '11); 
that they form the secretory granules, directly or indirectly, in 
the salivary (Regaud and Mawas '09, Bouin ' O S ) ,  gastric 
(Schultze '1 I), mammary (Hoven '11) and other glands (Schultze 
'11). They are described in the rods of the urinary tubule 
cells (Schultze '11, Regaud '08), in the intestinal cells (Champy 
'lo), in the liver cell (Policard '09). They may form the test 
of the foraminifera (Faur6-Fremiet '13). They are described in 
connection with the formation of the retina cells (Leboucq '09). 
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Numerous observers have claimed that they form the fat directly 
(Altmann '59-'95, Metzner '90, Zoja '91, Arnold '07, Russo 
'07, Loyez '09, Van der Stricht '05, Policard '09, Frissinger 
'09, Regaud '10, Faur4Fremiet '10, Dubreuil '13) ; indirectly 
(Bluntschli '04, Van der Stricht '05, Van Durme '07, Lams and 
Doorme '08, Schoonjans '08). It is claimed that they form the 
leucoplststids, chloroplastids and chromoplastids and possibly the 
glycogen (Guilliermond '1%' 13). 

The above theories seem impossible to correlate. It seems 
evident that the mitochondria are too universal in all kinds of 
cells to have the function of forming any one of the above atruc- 
tares of differentiated tissue, and in the light of what cytological 
chemistry is known, it appears practically impossible for the 
mitochondria to form all the cell structures mentioned above. 
In view of'the fact that the mitochondria are found not only 
in almost all animal cells but in plant cells as well it seems 
more probable that they play a r61e in the more general physi- 
ology of the cell. It may be possible that they are concerned 
with respiration. As suggested by Kingsbury ('12)' they may 
represent the structural expression of the reducing substances 
concerned in cellular respiration, which process Matthews ('05) 
has described in his theory of protoplasmic respiration. Accord- 
ing to Matthews, the activity of the cell causes reducing bodies 
to be formed in the cytoplasm for whose neutralization oxygen 
is necessary. The lipoid nature of the mitochondria makes it 
possible to consider them as reducing bodies and certainly the 
mitochondria exhibit activities which may be due to the fact 
that they are continually formed in the cytoplasm and con- 
tinually oxidized. On the other hand, the mitochondria may 
have to do with assimilation or they may even be stored-up 
food-stuff themselves, which are continually used up and restored 
again. Beckwith ('14) holds that the mitochondria are unneces- 
sary for the life of the cell or for the development of such a 
complicated structure as a Hydractinia ciliated planula. The 
fact that such a large group of observers should each have evi- 
dence to  show that the mitochondria form some one structure 
of the differentiated cell shows that the mitochondria must be 
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intimately connected with all transformations of the cytoplasm. 
On the other hand, we must bear in mind the fact that many 
observers have neglected to identify the body which they had 
under observation in such a manner that one can be certain 
that they had the same body which another observer would 
term mitochondria. It is quite doubtful whether all the bodies 
called mitochondria are really the same. 

The criterion for mitochondria in the embryonic cell, as stated 
by Duesberg after Montgomery, is one which the observer would 
hesitate to carry out, but some criterion in the sex cell, in the 
embryonic cells and also in the adult cells should be established 
for the mitochondria, which all workers will endeavor to fulfil, 
in order that there may be some common ground for discussion 
of the results obtained by the numerous observers at work in 
this field. 

CONCLUSION 

1. Tissue cultures afford an excellent method for observations 
upon an undisturbed cell as it lives, divides and grows in a 
medium of known chemical constitution; for experimental work 
on a living cell; and for the study of the process of fixation. 

2. These living cells do not correspond to the usual concep- 
tion of a cell obtained from the study of fixed material. Both 
cytoplasm and nucleus are finely granular, almost homogenous 
in appearance. There is no sign of a reticular or of an alveolar 
structure of either 'the cytoplasm or nucleus. Osmic acid 
vapor is the best fixative for these cells. 

3. Mitochondria are present in all the cells of these growths 
as slightly refractive, large or small granules, rods and threads, 
similar to those of the chick embryo cell. The mitochondria 
can be followed and 'studied in the living unstained cell for 
hours. 
4. The mitochondria may be scattered throughout the cyto- 

plasm or they may be located around the nucleus or around 
the idiozome. Any one mitochondrium may change its position 
in regard to other mitochondria or in regard to the entire cell. 
Mitochondria located around the centra some may later migrate 
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out and become scattered through the cytoplasm, or those scat- 
tered throughout the cytoplasm may become located around the 
nucleus. During mitosis the mitochondria become more evenly 
scattered throughout the cytoplasm, except in the spindle area, 
where they are usually absent. 

5. Any and every shape granule from a minute to a large 
granule, from small short rods to long threads, loops, rings and 
networks of various shapes and sizes can be found. Any one 
type of mitochondria such as a granule, rod or thread may at 
times change into any other type or may fuse with another 
mitochondrium, or it may divide into one or several mitochon- 
dria. Every type of mitochondria is continually changing 
shape and may assume as many as fifteen or twenty shapes in 
ten minutes. The shape of all the mitochondria in a cell can 
be changed by experimental means such as heat or hyper- or 
hypotonic solutions. 

6. The mitochondria vary greatly in size from minute granules 
to irregularly shaped, large granules, from short rods to long 
threads. The size of a single mitochondrium may change by 
the fusion of two or more granules or by the division of a single 
mitochondrium. They also appear to increase or decrease without 
such fusion or division. 

7. The number of mitochondria in a single cell varies from two 
or three to over two hundred. The number of mitochondria 
is not constant for any one kind of cell or for any phase of any 
one kind of cell. Daughter cells contain about one-half the 
number of mitochondria present in the mother cell. The number 
of mitochondria increases from the daughter cell to the mature 
dividing cell, and apparently also at  times during mitosis. 

8. The quantity of mitochondria is not constant for any one 
kind of cell. Some cells with many small granular mitochondria 
contain less mitochondria1 substance than other cells with a .few 
large granules. 

9. Degenerating mitochondria become first a series of gran- 
ules; later the granules become vesicles and then separate into a 
number of small finely granular rings which stain like the cyto- 
plasm rather than like mitochondria. 
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10. The mitochondria become more or less scattered through- 
out the cytoplasm in an indifferent manner and decrease in size 
during mitosis. About one-half the quantity of mitochondria 
is separated into each daughter cell by the plane of division. 
The individual mitochondria pass over entire into one or the 
other daughter cell and do not each divide into two halves, each 
going to one daughter cell, as usually described. 

11. There are some characteristic differences in the mito- 
chondria of different kinds of cells, but these are not constant 
enough to be sufficient to distinguish the kinds of cells. 

12. The mitochondria are extremely plastic bodies and often 
react more rapidly than any other cell structure. They are easily 
influenced in shape and quantity by varous agents, such as heat, 
carbon dioxide, acids, alkalies, fat solvents, and potassium per- 
manganate, or by changes in osmotic pressure of the surround- 
ing medium. 

13. The mitochondria are stained in these living cells by 
Janus green but not by nile blue B extra or brilliant cresyl blue 
2 b except in the dead cell. 

14. Other granules are present in the cells which are not 
related to mitochondria. 

15. Mitochondria show at times a coincident change in shape 
with the formation of fat droplets or vacuoles in the cytoplasm, 
but there is no evidence in these cells of a direct relation between 
the mitochondria and the formation of either the fat droplets 
or the vacuoles. 

16. In giant cells the number and quantity of mitochondria1 
substances is greatly increased above that of the normal cells, 
somewhat in proportion to the increase in the amount of the 
cytoplasm and nuclear material. 

The mitochondria are extremely variable bodies, which are 
continually moving and changing shape in the cytoplasm. There 
are no definite types of mitochondria, as any one type may change 
into another. They appear to arise in the cytoplasm and to be 
used up by cellular activity. They are, in all probability, 
bodies connected with the metabolic activity of the cell. 
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