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1. Introduction

In 1927 the present writer began his study on the mitochondrial problem
at the suggestion of Prof. S. Karsunuma of Nagoya Medical College, the
behavior of mitochondria of the toad during hibernation and inanition being
selected as the subject. Since then under the direction of Prof. Y6 K. Okabpa
of Kyoto Imperial University he has continued his efforts to elucidate the
problem mainly from the standpoint of general biology. To these gentle-
men the writer is particularly indebted in various ways. Not a few works
on individual subjects had already been published in various journals of
biology and medicine. It is the aim of the present paper to bring forward
some important conclusions on the biology of the mitochondria obtained by
the writer from his own works, from general theoretical considerations, and
from critical survey of the literature on the subject.

- Although various related objectives were sought in each of his studies,
most of them were intended primarily for the purpose of throwing light
on cne or both of the following questions: 1. Is there any definite relation
between qualitative or quantitative features of the mitochondria and levels
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of functional activity of the cell? 2. What relation exists between the
mitochondria and the ontogenetic history of the cell? 3. Are there no pe-
culiarities to he found about mitochondria in animals low in the phylo-
genetic scale? 4. Are there any direct relations between the mitochondria
and visible differentiations of the cytoplasm? Outlines and the main results of
these works will be given briefly in Chap. II. Some of the results of investiga-
tion that have remained until now unpublished will be included in Chap. III.

Through his studies covering many years, the author has become con-
vinced of the fact that there exist some laws or general rules about the
morphological features, i. e. the size, shape and arrangement, and the quantity
of the mitochondria in the cell. Although ignored by most of the investi-
gators, this is what ought to be expected of cytoplasmic constituents of
such universal occurrence as these. Any theoretical considerations on the
nature or functional significance of the mitochondria must be based upon
recognition of these rules. It may rather be said that the studies on the
mitochondrial problem should be directed first to the establishment of these
rules and then proceed to more fundamental questions. To the fact that
this natural order of things has not been observed is due part of the present
chaos of the mitochondrial problem. It is for this reason that some im-
portant rules governing the morphological and quantitative aspects of the
mitochondria are dealt with in Chap. III of the present paper.

The most important conclusions arrived at by the author are as follows.
1. The mitochondrial content of the normal cell does not undergo quanti-
tative changes to any marked degree during the functional cycle of the latter.
On the contrary, it does increase or decrease during the ontogenetic history,
i.e. differentiation or senescence, of the cell, but it is accompanied here with
simultaneous increase or decrease respectively in quantity of the cytoplasm.
2. Mitochondria may be regarded as constituting special phases of the hyalo-
plasm in which they are embedded. 3. Although the functional significance
of the mitochondria most probably consists in surface catalysis, the extent
to which they are utilized in this sense has no connection with the fact of
their existence. As to these points the reader is referred to the last section
in Chap. III and to Chap. IV.

The author’s study on the mitochondrial problem was begun at the
Biological Laboratory of Aichi Medical College and is now continued at the
Department of Physiology of Nagoya Medical College. But some of his
investigations were conducted and the main ideas at the hase of his argu-
ments in the present paper arrived at and published in Japanese, when during
the years 1933-1936 he was a lecturer in the Zoological Institute of Kyoto
Imperial University.
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II. Outlines and the results of the author’s own studies

In the following are given brief outlines and conclusions of the author’s
works published since 1927. These were in German, English or Japanese.
For the name and the number of volume of. the journals in which the
original papers appeared the reader is referred to the list of literature at
the end of this paper.

I. On the behavior of mitochondria in the various organs of the toad
during hibernation and inanition. {(In German). 1929 a.

This investigation was made during the period lasting from August 1927
to December of the next year with Bufo vulgaris formosus as the material.
A total of 45 individuals was used. 38 of these were employed for study
on the seasonal changes of the mitochondria in the various organs, namely
liver, pancreas, stomach, intestine, heart, kidney, muscle, oviduct and uterus,
and the remainder for study on the changes of the mitochondria owing to
inanition during the summer season, the purpose of the latter series of
experiment being to make comparisons between hibernation and inanition,
two apparently similar phenomena, on cytological grounds. Fixation was
in Recaup’s fluid, postosmication, staining after BeNsLEY's method published
by CowbDry.

The digestive organs and the muscle are in summer at the zenith of
their activity, but in winter their function falls or wholly stops. This phe-
nomenon finds its cytological parallel in that the mitochondria show changes
in morphology or topography. In the liver cells during the summer season
only filamentous mitochondria are found, but in typical hibernation toads
they are mostly rod-shaped or granular with a few filamentous ones. In
the pancreatic cells, also, granular forms increase in winter, whereas fila-
mentous ones markedly decrease. The mitochondria of columnar epithelial
cells of the intestine become in winfer indistinct as to their individuality.
Changes occurring in the stomach and the muscle are inconspicuous. Though
the fundic gland cells of the stomach are found in summer to be rich in
filamentous mitochondria, they are provided in hibernation with granular
and filamentous ones, the latter being shorter and thicker than those in
summer. The muscle (the sartorius) consists, as it does in all the vertebrates,
of two kinds of muscle fibres. One of them, which corresponds to the red
muscle fibre of other vertebrates, shows no seasonal change of mitochondria,
while in the other, which corresponds to the pale muscle fibre, those which
are in summer widely distributed between the bundles of myofibrils tend
in winter to form small clusters. No seasonal changes of the mitochondria
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have heen observed in the heart muscle, nor in the kidney so far as the
glandular and the striped canal of the urinary tubules are concerned. In
the oviduct and the uterus the epithelium becomes desquamated after the
egg laying and regenerated afterwards. In the young cells abundant mito-
chondria are found.

In inanition conspicuous changes occur in the liver and the intestine.
In the hepatic cells mitochondria remain filamentous, but tend, in marked
contrast to those of normal summer toads, to be localized in the basal part
of the cell (after inanition of 27 to 60 days). In the columnar epithelial
cells of the intestine, mitochondria in the middle and the basal portions of
the cell markedly increase, while those in the portion near the lumen de-
crease. Observations made on the other organs show nothing very different
from those on normal summer toads. Thus, the inanition and the hiber-
nation are two entirely different things in view of the behaviour of mito-
chondria, a fact which is also evident from the physiology of metabolism.

2. On the mitochondria in the electric organ of Narke japonica. (In
German). 1929 b.

Two adult male individuals of the electric fish were used as material.
Small pieces of the electric organ were fixed in ReEcaup’s fixative and the
sections were stained after AvLTMANN-KULL.

The fish possesses a pair of electric organs in the branchial region,
each of which consists of about 200 electric pillars arranged dorsoventrally,
each of which, again, is made up of a large number of electric plates ar-
ranged transversally. Between the electric plates is a thin layer of con-
nective tissue, in which small blood vessels and nerve fibres are embedded.
Each electric plate may be considered to be a single cell, though it contains
many rounded nuclei. It is divided, though not very distinctly, into a dorsal
and a ventral layer by delicate lamellae. The nuclei are contained in the
dorsal layer. .

The mitochondria in the electric plate are mostly filamentous. They are
present in both the dorsal and the ventral layers, but they are distributed
only close to the line of boundary delimiting the two layers and immediately
around the nucleus. It can be seen that the electric organ, of which the
main mass consists of electric plates, is not very rich in mitochondria.

3. On the mitochondria in the PurmJe cells of the conducting system
of the heart. (In German). 1929c.

Small pieces of tissue were taken from the bundle of His and its right and
left branches. Hearts of the ox and the pig were employed while still warm.
REGAUD’s fixative and the stain according to ALTMaNN-KuLL were used.

In the PurkINJE cells mitochondria, filamentous in form, are widely
distributed in the cytoplasm. They are, however, especially abundant close
around the nucleus and near the periphery of the cell. In the PURKINIE
cells are numerous myofibrils running generally in small bundles. Although
the mitochondrial filaments often run interwining with these, they are never
in direct continuity with the myofibrils.
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4. Studies on the differentiation and the mitochondrial content of blood
cells. Haematopoiesis in the yolk-sac of chick embryo. (In German). 1931

Mitochondria in developing blood cells in the yolk-sac of chick embryo
were studied and their changes accompanying cellular differentiation were
followed. Small pieces of the yolk-sac in different stages of development
were fixed in Meves’ fluid and the sections were stained after ALTMANN-
KuLL. Haematopoiesis was divided, after the pattern of Kivono and KATSU-
NUMA, into three stadia, the first of these including only the primitive blood
cells, the second the primitive erythroblasts and erythrocytes, lymphoid cells,
histioid cells and primitive endothelial cells, and the third the definitive
erythroblasts and erythrocytes, lymphocytes, thrombocytes, histiocytes,
myeloblasts and myelocytes, and definitive endothels. Descriptions of the
‘mitochondria of these cells were given, for the details of which reference
should be made to the original paper. Parts of the results will, however,
be given in the next chapter when the relation between the morphological
and quantitative aspects of the mitochondria and the cellular differentiation
will be dealt with (see p. 179, p. 190, and fig. 6).

In conclusion it may be said that the blood cells in the first stadium
are not yet differentiated with respect to the mitochondria they contain;
those in the second stadium are differentiated to some extent respecting the
quantity and the shape of the mitochondria; and those in the third stadium
show marked differentiations. Differentiations of the blood cells with respect
to the other qualities, such as their content in oxidase granules, vitally and
supravitally stainable granules, and phagocytosis, have already been es-
tablished by other workers (Kivono and Karsunuma). Changes of the
mitochondria do not go parallel with any of these qualities. It is also noted
(1) that considerable growth in length of the mitochondria occurs in the
erythroblasts at the time of haemoglobin formation, and (2) that intimate
topographical relations exist in the myelocytes between the primordial leuco-
cytic granules and the mitochondria. But this does not necessarily lend
support to. the view that the mitochondria are direct forerunners of haemo-
globin or of leucocytic granules.

5. On the behavior of mitochondria in the mitotic cell division of
younger blood cells. (In German). 1932 a.

During the study above outlined of the haematopoiesis in the yolk-sac
of chick embryo, younger blood cells were often found undergoing mitotic
cell divisions. Mitochondria of a dividing cell are divided into two ap-
parently equal groups as early as in the metaphase. They are distributed
in this stage around the poles and the mitotic spindle, but are absent on
the equatorial plane, thus constituting two distinct groups. They do not
enter, as is well known, into the body of the spindle. When during the
anaphase, the daughter chromosomes move apart and pass toward opposite
poles of the spindle, mitochondria come in turn to he localized between the
resulting chromosome groups. Thus, in the late anaphase and the telophase
none of them remain around the poles. When two daughter cells have just
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separated, mitochondria are all on the opposite side of the newly formed
nucleus.

This behavior of mitochondria during the cell division may probably
be best explained by the growth of astral rays in the metaphase, which
induce cytoplasm with mitochondria in it to flow toward and accumulate
around the poles, and by the disappearance of astral rays in the ensuing

anaphase with the elongation of the mitotic spindle, which causes backflow
of the cytoplasm with mitochondria toward the equator. Confining ourselves
to the vertebrates, it is curious to find that this regular behavior of mito-
chondria during the cell division has never been reported by the students
of mitochondria, even by Lewrs and LEwis who worked on tissue culture
cells. This is probably due to the fact that the blood cells which served
us as the material are allowed free cytoplasmic streaming, which, however,
may not be the case with cells forming firm tissues. Such considerations
lead to the assumption that the behavior of mitochondria in mitotic ceil
divisions is most typically represented in the case of our present report.
In reality, it was found that, in dividing cells of loose connective tissue of
chick embryo at the second day of incubation, mitochondria behaved them-
selves in essentially the same manner as in the dividing blood cells. (Us-
JTANI in 1938 recorded that the mitochondria in dividing bone marrow cells
of man behaved in just the same way as in our case).

6. Studies on mitochondria. (A report made at the 7th meeting of the
Japanese Zoological Congress). (In Japanese). 1932 b.

This report included besides the others, two observations which have
remained otherwise unpublished: The pecten, which is a structure peculiar
to the eye-ball of the bird, is made up of glia cells and numerous small
blood vessels. The glia cell contains, besides a number of pigment granules
of variable size, a congiderable number of mitochondria in the form of rods
or short filaments. They are more numerous than elsewhere around the
nucleus and at the periphery of the cell toward the vitreous humour.
Transformation of mitochondria into pigment granules can not be observed.
In the endothelial celis lining the biood vessels are found mitochondria which
are very thin and in the form of short filaments. Pectens from chickens
and adults of the domestic fowl were used as the material.

Mitochondria were studied in various types of amoeba. An amoeba of
Vahlkampfia type found in a hay infusion has filamentous mitochondria.
Such forms of mitochondria also occur in an amoeba of radiosa-type. An
amoeba of profeus-type is provided, on the other hand, with only granular
forms of mitochondria. The same is true of an amoeba of [imaxtype.
Topographically there exists no particularly intimate relation between the
mitochondria on the one hand and the nucleus, the food vacuole or the
contractile vacuole on the other. Mitochondria are not present in the ecto-
plasm. Amoebae were fixed on slides merely by the action of the fixatives
and mitochondria stained with ALTMANN's acid fuchsin.

7. On the mitochondria in Dicyema. (In Japanese, with a summary
in German). 1932c.
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As the animal is small and consists only of a small number of cells,
mitochondrial technique (MEevVES’ or CHAMPY's fixative, ALTMANN-KULL’s stain)
can be applied successfully to a number of individuals collected in a cen-
trifuge tube, preparations iz tofo being made.

The body of Dicyema (an agamont) consists of pole cells, outer cells
and an axial cell. Mitochondria are more abundant in the first in relation
to the size of cell than in the other two kinds of cells. In these they are
present in moderate quantities. In the pole cells, they are all granular and
are more numerous around the nucleus and at the side of the cell toward
the exterior. The different pole cells do not differ much in respect to their
mitochondrial content. Mitochondria in the outer celis are mostly granular
with occasional rod-like ones, and are smaller in diameter than those of the
pole cells. They are uniformly distributed in the cytoplasm, though they
are somewhat more numerous at the periphery of the cell toward the ex-
terior. The axial cell contains rod-like mitochondria with a few granular
and short filamentous ones. Their diameter is almost the same as those of
the outer cell. They appear at first sight to be unevenly distributed in the
cytoplasm, but this is evidently due to the vacuolated condition of the latter.

8. Some observations on the mitochondria in the cyclostome, FEwnio-
sphenus japonicus (MarTENS). (In German). 1933 a.

Mitochondria of the cells of the stratified epithelium of the gill-pouch
and the gill-lamella are described and attention is paid to the relation be-
tween the aging of cells and the change in thickness of the mitochondria
(fig. 2). It was found also that, although the liver of this animal lacks the
function of secreting bile, the hepatic cell is no less rich in mitochondria
in relation to the volume of cytoplasm than that of any other vertebrate.
No evidence is obtained, further, in favour of the view that the hepatic cell
mitochondria participate in the formation of fat droplets. The intestinal
epithelium consists of cilia-bearing cylindrical ceils and a few unicellular
glands with basophilic secretion granules. Mitochondria are mostly fila-
mentous in both types of cells. Their distribution and orientation in the
- cilia-bearing cylindrical cells are strikingly similar to those in the absorbing
cylindrical cells of the intestinal epithelium of other vertebrates and probably
suggest a like function on the part of the former (fig. 4). The muscle is
made up, as in higher vertebrates, of red and pale muscle fibres, the former
being richer in sarcoplasm than the latter. Mitochondria are mostly in the
form of short filaments and are more abundant in the red fibre than in
the pale. They are arranged end to end in a single file when they are
embedded in the narrow sarcoplasm between bundles of myofibrils. This
is evidently a forced arrangement, for those which are embedded in the
wider sarcoplasm under the sarcolemma are arranged quite at random.
Furthermore, mitochondria in the arachnoideal cells, cardiac muscle, tela

chorioidea and kidney are described. REecaup’s fixative, postosmication,
ArTMANN-KULL’s stain.

9. Mitochondria in the luminous organs of Watasenia scintillans {Ber-
rRyY). (In English). 1933 b.
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The cephalopod is possessed of three kinds of luminous organs (cutane-
ous, ocular and brachial). Each of these has in the seemingly important
part of its tissue, some granules, so-called photogenic granules, of which
the nature and function remain unknown. (The latter upon subsequent study
by Oxapa, Sucino and the writer proved to be crystalloids of protein). The
present aim was to examine the mitochondria in various tissues of the
luminous organs and to establish, if possible, the relationship between the
mitochondria and the photogenic granules. It was shown as the result that
mitochondria exist in these organs independent of the photogenic granules,
that they are not or only rarely present in the neighbourhood of the latter,
and that they are abundantly existent in apparently unimportant regions
of the organs, namely the connective tissue and the epidermis. Incidentally
it may be said that this study together with others led the author to believe
that the presence and the quantity of the mitochondria in the cell depend
not so much on the functional activity of the latter as on the presence and
the quantity respectively of morphologically and, in some sense, chemically
undifferentiated protoplasm. Fixation with ZENKER-formol-osmium, staining
with ArtManNN’s acid fuchsin and Lichtgrin or with HEIDENHAIN'S iron-
hematoxylin and dilute acid fuchsin.

10. Mitochondria in the luminous organs of Luciole cruciata Mot- -
scHuLsKY. (In English). 1934 a.

The luminous organs of the adult and larval insect were studied. Cyto-
logical technique was almost the same as in the preceding. In the luminous
organ of the adult, the so-called photogenic granules in the light cells are’
minute, variable in size, and irregular, though in general round. They are
abundant and uniformly distributed in the cytoplasm. Mitochondria are
mostly filamentous and curved, and are uniformly distributed throughout
the cytoplasm. The photogenic granules of the larval insect, though of
variable size, are far larger than those of the adult. Most of them are oval
and they are uniformly distributed throughout the cytoplasm. Mitochondria
of the cells are filamentous, but branching is not rare among them. It is
noteworthy that filamentous mitochondria in the light cells of the larval as
well as adult organs run quite at random, i.e. they do not exhibit definite
orientation toward the nucleus, cell boundaries or tracheal system. In the
light cells of both the adult and the larval insects the photogenic granules
are quite independent of the mitochondria. Nevertheless, we find here and
there mitochondria somewhat thickened at the ends or at the intermediate
portion. These thickenings are probably due to the deformation of mito-
chondrial substance by the action of the fixative. But there is some reason
to suppose that they represent an initial stage of the development of photo-
genic granules.

11. On the formation of secretion in the luminous organ of Cypridina
hilgendorfi MULLER, with special reference to the mitochondria. {(In German).
1936 a.

‘The luminous organ of the animal is a compound gland composed of
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four types of large unicellular glands. It was the aim of this investigation
to study the fine structure of these four types of glandular cells, their mode
of formation of secretion granules and the relation, if any, between these
and the mitochondria of the cells. The mode of formation of secretion
granules differs according to the type of cell and is of interest in view of
comparative physiology of glandular cells, into which, however, this is not
the place to enter. 1In all the four types of cells, mitochondria, mostly
granular, are found uniformly distributed in the basal protoplasmic region
containing the nucleus. There is no evidence that younger stages of the
secretion granulies are directly derived from the mitochondria. Fixation with
Zenker-formol-osmium, staining with HEIDENHAIN's iron-hematoxylin.

12. Cytoplasmic inclusions of the erythrocyte of Triturus pyrrhogaster
(Boir). (In Japanese). 1936 Db.

Mitochondria, GoLcl material and neutral red granules in the erythrocyte
of the Japanese common newt were described. Beautiful stain of the mito-
chondria with Janus green B was obtained with SABIN’s supravital technique,
but they could hardly be detected in the blood smear treated with usual
mitochondrial fixatives and stains. Mitochondria in various shapes, i.e.
filaments, rods and granules, occur in the cytoplasm. They are more numer-
ous in younger erythrocytes than in the full-grown ones.

13. A quantitative study of mitochondria in some ciliates. (In Japa-
nese). 1939.

Some ciliates possess mitochondria, which are generally rod-like in shape
and approximately equal in size, and furnish favorable objects for quanti-
tative study. The cytoplasm of Spirostomum ambiguum and Blepharisma
lateritium includes, in addition to the contractile and food vacuoles, a large
number of fluid vacuoles of variable size. Avoiding as far as possible these
kinds of vacuoles, enumeration was made of the mitochondria contained in
a definite volume of the cytoplasm. Those 10 individuals of each of the
two species were chosen, which gave serial sections along the longitudinal
axis of the body. 3 contiguous sections through the middle of the body
were used of each individual, and in each section enumeration of the mito-
chondria was made at 4 different localities in Spirostomum: and at 3 in
Blepharisma. Thus, the largest number of mitochondria contained in 660
cubic microns of the cytoplasm was determined for each individual out of
12 enumerations in the former and 9 in the latter. The numerical data in .
order of magnitude for the 10 individuals of each of the two species were
as follows.

" Spirostomum : 38, 43, 50, 57, 57, 61, 62, 73, 75, 78.

Blepharisma: 51, 55, 55, 56, 60, 61, 70, 76, 77, 83.

Only the largest of the numbers thus obtained may be so significant
as to represent approximately the number of mitochondria contained in the
definite volums= of cytoplasm in the narrow sense of this term, for a varying
number of small fluid vacuoles inevitably comss to be included in that
volume of the cytoplasm where enumeration is made, requiring correction
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by reduction in the number. Thus, the number of mitochondria in a definite
volume of cytoplasm is known to be practically equal between the two
species of the ciliate. If 80 mitochondria are considered to be contained in
660 cubic microns of the cytoplasm, a little computation shows that this is
equal to the density of 121 million per cubic milimeter. This is not very
different from Tuurrow’s ('17) data of 178-284 million per cubic milimeter
about the nerve cells of various cerebral ganglia of the mouse and also from
RasMUSSEN's (20} of 186-354 million about the nerve cells of the central
nervous system and spinal ganglia of the woodchuck.

14. A treatise on mitochondria. I. On the quantity and changes in
quantity of the mitochondria of the cell. (In Japanese). 1934 b.

15. A treatise on mitochondria. II. On the form and changes in form
of the mitochondria. (In Japanese). 1934c.

16. A treatise on mitochondria. III. On the arrangement of mito-
chondria in the cell. (In Japanese). 1935.

In these three papers considerations and discussions on diverse lines
were made by the author for the purpose of establishing general rules to
which the mitochondria are subject. The main line of argument is the same
as will appear in the next chapter of the present paper.

III. On the mitochondria as the formed constituents of protoplasm

1. On the occurrence of the mitochondria.

Mitochondria have been studied in animals and plants belonging to
nearly all of the larger natural groups. N. H. Cowpry asserted as early as
1917 that “in all forms of animals, from amoeba to man, which have been
investigated with adequate methods of technique, they occur without ex-
ception.” Newer data which had been accumulated since then contributed
much to our general conviction of their universal occurrence in the animal
kingdom. It seemed unfortunate, however, for making a generalization, that
some of the relatively important groups of animals remained untouched.
Animals belonging to Mesozoa had never been studied till the author de-
scribed mitochondria in the main types of cells in Dicyema (p. 172). The
Mesozoa are generally acknowledged to be not an animal group of specific
organization, but a heterogeneous group consisting of various degenerated
forms. "It was thus actually proved that such degeneration in organization
is not attended with deprivation of mitochondria in the cell. The Cyclo-
stomata, the lowest class of Vertebrata, also, had never bean the subject of
study by students of the mitochondrial problem. Mitochondria in the various
organs of Ewnfosphenus were studied by the author and shown to be similar
in general appearance to those in other vertebrates (p. 173). This holds true
not only of the liver, the intestine, the kidney etc., but also of those tissues
which are unique to the Cyclostomata, namely the arachnoideal tissue and
the epithelium of the gill-sac. The liver and the intestine of this animal
differ in function somewhat from the corresponding organs of other ver-
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tebrates,” but the form and orientation of the mitochondria in the cell are
largely the same. Thus it was shown that mitochondria are not only pre-
sent in the lowest representative of the Vertebrata, but also they much
resemble those in the higher. We are now in a situation to say with more
self-confidence than ever that mitochondria exist, without exception, in all
the animals.

Mitochondria, however, do not occur in all the animal cells. It is well
known that they are not present in the erythrocytes of mammals including
man (Craccio 13, Cowpry '14 a). It was observed by the present writer that
mitochondria in the form of filaments are abundant in the erythroblasts of
the domestic fowl, but they are not detected in the erythrocytes. Existence
of mitochondria, however, could clearly be demonstrated in the erythrocytes
of the Japanese common newt by supravital staining with Janus green B
(p. 175). It seems therefore justifiable to conceive that the process of
erythropoiesis in the higher vertebrates is accompanied with a profound
chemical or physicochemical change of the protoplasm which is incompatible
with further maintenance of mitochondria. It was also reported that al-
though mitochondria are abundant in cells of the stratum germinativum of
the skin, they are almost or practically absent in the stratum granulosum
and lucidum and completely absent in the stratum corneum (RecAaup and
Favre ’12, LuprorDp 24, CowDRY ’34). The disappearance of mitochondria
in this case, i.e. in accompaniment with advancing keratinization of living
cells, may, in all likelihood, be interpreted in the same way as in the above
case of erythropoiesis in the higher vertebrates. As will be shown later,
changes in the quantity of mitochondria occur most indubitably in the
process of cellular differentiation and senescence, leading in extreme cases
as in the above two examples, to their complete disappearance.

It is necessary, however, to bear in mind that cells such as those of
the stratum corneum of the skin or the erythrocytes of the higher ver-
tebrates are, in reality, dead or nearly dead cells. Through years of study
the present writer has become convinced that living cells wholly devoid of
mitochondria, if they ever exist, must be of rare occurrence. But in a
survey of literature, authors are often met with who report absence of
mitochondria in apparently healthy cells. It seems that they have not suf-
ficient knowledge of the difficult details of mitochondrial t=chnique. It must
be realized that the supravital staining of mitochondria with Janus green B is
sometimes very difficult and in some cases even impossible, as was ex-
perienced by GuILLIERMOND ('18) and the writer himself. In addition, mito-
chondrial fixatives, when inappropriately chosen for the tissue to be examined,
may sometimes lead to complete dissolution of the mitochondria. Hence,
in studying those of a given tissue, a variety of fixatives must first be ap-
plied and the one which gives the best results chosen, subsequent staining

1) The liver does not secrete bile and has no bile-duct in the Cyclostomata.
The intestine, in Enfosphenus at least, shares a function of disposing of worn-out
erythrocytes with the branchial epithelium (Taxact, S. ’34d).
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being a comparatively easy matter. Absence of mitochondria from any
particular kind of cell, therefore, cannot be asserted until after all the known
methods of mitochondrial technique have led to entirely negative results.
The following example may probably serve as an illustration of the situation.
In amphibian erythrocytes mitochondria can scarcely be demonstrated by
the fixatives and stains usually employed for the purpose. Thus, AVEL ('24)
reports, examining a number of preparations, that even no trace of them
could be detected in the erythrocytes of Rana fusca; and KURASHIGE {'30)
arrived at the same results about those of Megalobatrachus japonicus with
Cuampy-ALTMANN-KULL preparations in use. But, that they are present in
amphibian erythrocytes is beyond question, for they are fully demonstrated
by the supravital technique with Janus green B, as was done by DawsonN
("28) in the erythrocytes of Necturus and by the present author in those of
Triturus pyrriogaster (p. 175). 1 may mention in passing that judging from
their figures and from my own results of study in Z¥iurus, part at least
of the alleged GoLGl material of AVEL and the greater part of that of Kura-
sHiGE are actually true mitochondria brought to demonstration by over-
impregnation with silver or osmium.

2. On the shape and size of the mitochondria.

Mitochondria occur in the cytoplasm as minute bodies of various shapes.
Granular, rod-like and filamentous ones are of common occurrence. Oc-
casionally filamentous ones are branched. Such shapes as rings attached
to a stalk and networks are only rarely met with. The former were ob-
served by the writer in the hepatic cells of Bufo and the latter in those of
Triturns. Elongated forms of mitochondria are always smooth in outline
and possess rounded ends, never tapering toward their extremities. This
was always true, as far as our observations were concerned, in vitally stained
tissues as well as in those which were appropriately fixed and stained. But,
it was not necessarily so in those tissues of which the general result of
fixation was unsatisfactory. So-called moniliform mitochondria, i. e. granules
in chains, have never been obsarved by the writer either in living tissues
or in those which were considered well preserved by fixatives. They were
observed by GUILLIERMOND ('27) occurring as transitory structures in living
plant cells and they have been repeatediy described by others in fixed animal
tissues. It seems to me, nevertheless, to remain still an open question
whether they really exist as such in healthy living cells of animals and
whether, in fixed cells, they are not artifacts produced by the action of
fixatives.

The appearance of mitochondria in a given type of cells is nearly de-
finite. In some types of cells (e. g. certain types of amoebae, the hepatic
cells of the mouse) they are granular, in others {(e. g. ciliates such as Spi-
vostomum and Blepharisima) they are rodike, and in still others (e. g. the
erythroblasts of the domestic fowl, the pancreatic cells of the mouse) they
are filamentous. In general, however, various shapes of mitochondria occur
simultaneously in the same cell, though one shape usually predominates over
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the others (e. g. the hepatic cell of Triturus, fig. 1). It is a significant fact
that the mitochondrial appearance of a given tissue is nearly definite in
different individuals of the same animal, if the tissue stands at the same
developmental stage in ontogeny and at the same phase of functional activity.
This is shown to hold true always when many individuals of the same
species are dealt with. It is the fundamental rule upon which all the ex-
perimental studies of mitochondria are based. It is conceived by many,
however, that the mitochondria are easily changeable in form and some
others even hold that they change in form from moment to moment. But
this is not the case, at least in healthy animal tissues, as will be shown
later (p. 182). Even during the ontogenetic history and the cycle of func-
tional activity of the cell, change in form of the mitochondria is no necessary
attendant. But that it occurs in many cases is evident in a large volume
of literature and in the writer’'s own experience. It was shown by him that
in younger stages of the erythroblasts of the domestic fowl rodlike and
filamentous mitochondria coexist, but in older stages they are almost ex-
clusively filaments in form, and among them markedly long or distinctly
branched ones are found (fig. 6). Smrru ('31) reports that in the ontogenetic
history of the hepatic cells of the white rat, morphological changes of the
mitochondria often take place—from spherules to filaments and from filaments
back to spherules—before the mitochondrial configuration of the adult hepatic
cell is attained consisting of filaments, rods and spherules. That change
in shape of the mitochondria often accompanies the functional cycle of the
cell may be illustrated by the following examples. It was revealed through
my own study that in the liver cells of the toad during summer days mito-
chondria are almost all filamentous with a few exceptional ones, whereas in
the typical hibernation toad they are rod-like or granular with a few fila-
mentous ones. In the hepatic lobule of the cat, Karer (31) found that the
mitochondria are rod-like to filamentous, the shortest being found in the
cells bordering the central vein and the most filamentous being located in
the cells at the outer margin of the lobule. If the glycogen-glucose equi-.
librium is disturbed through injection of insulin, adrenalin, etc., the mito-
chondria exhibit a tendzncy toward enspherulation and hypertrophy, which
are more emphasized in the cells bordering the central vein. He rightly
concluded that the variations in mitochondrial morphology may be inter-
preted merely as an accompaniment of alterations of general metabolic
activity of the liver cells.

E. V. Cowpry (14 b) first paid attention to the fact that the appear-
ance of mitochondria are much the samsz in similar tissues of nearly
related animals. It was for him by no means a simple matter, even in the
different classes of vertebrates, to distinguish the spinal ganglion cells on
the basis of morphology of the mitochondria contained. It was found by
the present writer that in appearance mitochondria in the liver cells and
the absorbing cells of the intestine of the lamprey, the representative of the
lowest class of vertebrate, closely resemble those in the corresponding cells



180 S. TAKAGI

of the higher classes (p. 173). Roughly speaking, the cells of the liver,
pancreas, lungs, and other organs possess mitochondria which are alike in
nearly related animals. It is obvious, however, that the extent to which
this rule holds true varies according to the tissues and the animals to be
compared. It is remarkable to find that in the phylum of Protozoa mito-
chondria in the protoplasm of such ciliates as Spirostomum, Blepharisma and
Colpoda are similar in appearance, i.e. they are all rod-like (p. 175). But in
different types of amoebae their appearance is not always similar (p. 172,
fig. 5).

Turning to the size of the mitochondria,
it is significant to find that, although they
may vary in diameter or in girth in dif-
ferent tissues, they are of approximately
the same diameter in any one cell, whether
they may appear in the shape of filaments,
rods or granules. Even when they consist
of wvarious shapes, their diameter is as-
 tonishingly uniform (see e. g. fig. 1). This
is always true in living cells as well as in

Fig. 1.~—Mitochondria with fat  those which are well preserved and it re-

droplets ir} hepatic_cell of T7i-  nresents another fundamental rule of mito-

burus pyrrhogaster. (After TAkA- ohondrial morphology. It was first pointed

o1 3tc). out and its importance repeatedly empha-
sized by Cowpry (’18, 24, '26). But, regrettably, it has not received due
appreciation. Of course, mitochondria in a cell are not strictly of the same
diameter, and a few differences certainly exist. Branched forms of mito-
chondria may be thicker at the point of bifurcation, and thickenings may
also be found on filamentous ones when materials are stored in their interior.
Nevertheless, it remains true that all of the individual mitochondria in a
cell are nearly definite in diameter. All the observations made by the writer
are in accord with this proposition.

Under what conditions do the mitochondria vary in size? Their dia-
meter in the cell may change in different phases of the functional activity
of the latter. Their morphology in the liver cell changes, as cited above,
according to alterations of the glycogen-glucose equilibrium. Authors are
agreed that they become larger and more spherical through injection of
adrenalin (KaTer ’31, CLARK and Hair ’32, HarL and Mac Kay ’33), and
the change is attributed to the increase in water content of the cell (KaTer
’37). It is necessary to bear in mind that in these cases all the mitochondria
of the cell undergo similar and simultaneous changes. It is also true that
those of the neighbouring cells functioning in the same way undergo parallel
changes. It must be recognized, however, that change in the functional
activity of the cell is not always attended with change in diameter of the
mitochondria. For example, no noticeable change in girth of mitochondria
occurs in the hepatic cell of Bufo either during hibernation or during in-
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anition (p. 169). Neither does it occur in the pancreatic cell of the mouse
through different phases of its secretory activity (Hirscu 31a, '32).
Change in girth of the mitochondria is rather more evident in some
cases during the ontogenstic history of the cell than in the preceding. It
was observed by the writer that young replacing cells in the intestinal
epithelium of the toad possess mitochondria which are far more slender than
those of the functioning cells. The following example may serve as a further
illustration. The gill-sac of the lamprey is lined with a stratified epithelium,
the older cells of which are continuously replaced by younger ones. Mito-
chondria in the latter are slender filaments which become gradually thicker
as the cell ages (fig. 2). It is impor-
tant to note that, here, all the mito-
chondria of a cell undergo similar and
simultaneous changes in their girth,
as can be seen in the figure. Change
in girth of the mitochondria thus oc-
curs, no doubt, in some cases during
the ontogenetic history, i.e. during
the process of differentiation or sene-
scence of the cell, but, here also, it
does not necessarily accompany the
latter. It was observed, for example,
that in the haematopoiesis in the yolk-
sac of chick embryo, differentiation of

Fig. 2.—Epithelial cells of gill-sac
. - of Entosphenus japonicus. a, cell at
the blood cells is not accompanied by first stage; a/, cell intermediate be-

any noticeable change in girth of the tween first and second stage; b, cell

mitochondria. at second stage ; ¢, cell at third stage
Thus we have arrived at two im- about to be desquamated. (After
. T - a0,
portant general rules concerning the Takact "33 a).

shape and the size of the mitochondria in the cell. First, mitochondrial
configuration is nearly the same in different cells of a given kind pertaining
to an individual or different individuals of a given species of animal, if the
cells stand Dhoth at the same stage of ontogenetic history and at the same
phase of functional activity. Second, the diameter or girth of all the mito-
chondria in one and the same cell is astonishingly uniform, and even when
change in it occurs in some cases during the ontogenetic history or the
functional cycle of the cell, all the mitochondria of the cell undergo similar
and simultaneous changes. ,

These two rules are so important that they must always be taken into
consideration by students of the mitochondrial problem. Most of the studies
on mitochondria must rely on fixed materials, and interpretations of data
are largely influenced by the results of fixation. The above rules may serve
as a criterion by which one is able to judge whether the result of fixation
is faithful to nature or not. Absznce of any criteria in the mind of most
of the investigators has probably bezn the main cause which led to chaos
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in the discussion of the mitochondrial problem. Mitochondria have been
considered by many to be extremely variable in morphology. Though it
must be acknowledged that they are semi-fluid in consistency and easily
changeable in form and size, yet it is true that their changes in morphology
are not without restrictions. The prevailing mishelief may be due in part
to delusive results of faulty fixations and in part to the misinterpretation
of the work of Lewis and Lewis ('15). The Lewises observed in cultured
tissues that changes in form of the mitechondria are very rapid and ir-
regular. Any one type of mitochondria such as a granule, rod or filament
may at times change into any other type or may fuse with another mito-
chondrium, or it may divide into two or several mitochondria. Every type
of mitochondria is continually changing form and may assume as many as
fifteen or twenty forms in ten minutes. It is also said that granular types
may vary from minute to large spherules. Unfortunately, the Lewises’ data
have been generalized and considered by many to represent the behavior
of mitochondria in all living cells. It must be emphasized that such ir-
regular and rapid changes in morphology as were reported by them are
not undergone by the mitochondria in the cells #n vivo. For example, ac-
cording to the observations of GuiLLiErMOND (27), changes in form of the
mitochondria in living cells of Saprolegnia, Elodea and Iris are not so ir-
regular as in the Luwises’ observations. Mitochondria are carried along
through the streaming movements of the protoplasm. Long filamentous
types, which are mostly straight when they stand still, become wavy, zig-
zag, V- or U-shaped when they are in movement. Sometimes, by the action
of streaming or of an obstacle, branchings are formed on them. No re-
markable changes in morphology, on the contrary, are undergone by rod-like
or granular types, although they may happen to become somewhat longer
or shorter. No fusion of mitochondria has been noted during extended
observations and fragmentations are only rarely met with. Neither form-
ation de novoe nor disappearance of the mitochondria has bheen observed.
Now, so far as changes in form of the mitochondria are restricted to such
an extent, no modification of the above rules regarding their morphology
may be necessary. As there are only a few animal tissues which permit
extended observations of the mitochondria in living condition, it was but
natural that the Lrwises’ observations received high appreciation. It must
be recognized, however, that cells iz vitro are not under entirely normal
conditions, but are liable to physicochemical changes through imbibition of
the cytoplasm, which may be the cause of irregular and rapid changes in
form of the mitochondria. According to the observation of Hirscu ('32) on
the living pancreatic cells of the mouse, on the contrary, shifting in position
and changes in form of the mitochondria during the secretory phase of the
cell are but insignificant. Studies on the mitochondria of the cell in vitro
are valuable by themselves, but no direct information can be expected there-
from on those of the cell ¢n vive. Cuamprrs ('15) stated that in the sur-
viving spermatogonial cells of the grasshopper mitochondria appear to be
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constantly shifting in position and to be disappearing and reappearing in
the cytoplasm. In close association with the work of the Lewises, this was
widely taken for an evidence of their labile existence. But there remains
ample room for doubt whether they really disappeared and reappeared in
the cytoplasm. It is an open question whether they did not disappear from
and reappear into the focus of the microscope by their constant shifting in
position. Disappearance of mitochondria in the cytoplasm is known to be
usually preceded by a series of degenerative changes. It is hardly con-
ceivable that it was in his case alone so simple and instantaneous a matter
as he described it.

Mitochondrial configuration in a given kind of cells is definite for a
given stage of ontogenetic history and a given phase of functional activity
of the latter. What factors are here involved is an interesting question.
Inasmuch as it is much alike in similar tissues of nearly allied animals, it
may safely be said with Cowpry {"18) to be a property ingrained during the
phylogeny in the very organization of the cell. But by what factors it is
determined physicochemically is a question that cannot be answered to-day,
although water content of the cytoplasm may be an important element.
The present writer is convinced that there is rich reward waiting for the
students of protoplasm if they direct their effort toward elucidation of this
problem.

3. On the localization and arrangement of the mitochondria in the cell.

Mitochondria are present in the cytoplasm, but not, of course, in the
nucleus. They are not present, however, everywhere in the cytoplzism. In
amoebae they are contained numerously in the endoplasm, but not in the
ectoplasm (p. 172, fig. 5). Here should bz recalled the generally held opinion
that the ectoplasm differs in consistency from the endoplasm. The former
represents a “ plasmagel,” and the latter a “plasmasol ” (MasT). Or, it is
also said that between the hyaline zone of ectoplasm which is usually liquid
and the fluid granular endoplasm there is another zone of granular ecto-
plasm which is relatively solid (CuamBERrs). Further evidence is available
to show that the localization of mitochondria in the cell is conditioned by
the colloidal state of protoplasm. All the authors agree that mitochondria
are absent in dividing cells within the interior of the mitotic spindie (p. 171,
Torrack, TErNI, Lewis and Lewis, LEvI etc.). The mitotic spindle is known
to be far greater in consistency than the surrounding cytoplasm and to be
in a gel state (MORGAN, SHEARER, CHAMBERS efc.). Furthermore, it is well
known and observed also by the writer that mitochondria are not in direct
contact with the centriole. A survey of literature indicates that the distance
between the two corresponds in all probability with the bulk of the centro-
sphere. According to CHAMBERS, the centrosphere itself is fluid in consistency,
but its outer wall is very viscid, representing at the same time the most
gelated portion of the aster. Thus, the absence of mitochondria within the
centrosphere seems to be conditioned also by the colloidal state of the proto-
plasm. In this connection it may be of interest to remind ourselves of a

€« <
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fact, which is a common observation of students of mitochondria, but to
which no attention has ever been paid: mitochondria are never in direct
contact with the outer wall of the cell, there being always some distance
batween the end or side of the outermost representatives of the former and
the latter. Yet whether this also is due to the difference in consistency
between the cortex and the interior of the cell is an open question, inasmuch
as the presence of a more or less solid cortex of appreciable thickness such
as occurs in many Protozoa and some egg cells has not yet heen determined
in somatic cells of the Metazoa.

Next, we turn to the problem of the orientation of mitochondria in the
cell. It is well known to cytologists that, in typical gland cells of verte-
brates, filamentous mitochondria are directed from the base toward the free
end of the cell. This mode of orientation of the mitochondria is not unique
to gland cells, but also characterizes cells of gland-like function such as the
epithelial cells of urinary tubules of the
kidney and those of the plexus chorioideus.
It is also found in the hepatic cells of the
anurans (fig. 3) (the writer in Bufo, Oxa-
MOTO 24 in Rana). POLLISTER ('32a) ob-
served also such an orientation of filament-
ous mitochondria in the hepatic cells of
Amphiwma, which he suggested might be
due to the diffusion current through the
cell body from the Blood vessels toward
the lumen. According to the observations
of Hirsci (°31 a, b) on the living pancreatic
cells of the mouse, of which the preéxist-
ing mitochondria have been made to disintegrate by the action of RONTGEN
rays, a new filamentous mitochondrium first appears at the basal region of
the cell with its length running almost parailel with the base. It begins
to move and continues to migrate toward the free end of the cell, elongating
gradually and often dividing into two, to become oriented almost parallel
with the cell axis. He made no explanation of this migration, which proba-
bly cannot be attributed to anything other than the diffusion or water cur-
rent in the cell protoplasm.

Fig. 3.—Orientation of mito-
chondria in hepatic cells of Bufo
vulgaris. (After Taracr '29 a).

The columnar epithelial cells of the intestine are provided with two
more or less condensed groups of filamentous mitochondria, one just beneath
the cuticular border and the other at the base of the cell. Orientation of
the mitochondria parallel with the long axis of the cell is more pronounced
in the former (fig. 4). Cuampy ('11) is of the opinion that the epithelial
cells of the intestine are both secretory and absorptive in function, the
particular arrangement of the mitochondria in the cell indicating the exist-
ence of double polarization in two directions. But no evidence is as yet
available which shows that the mitochondria beneath the cuticular border
are associated with secretory activity. On the contrary, there is some
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evidence in favour of the view that they subserve, fay
together with those at the cell base, the absorptive 'EI“!\\‘\\&"
role of the cell. From the fact that the mito- [%‘/'(\q o
chondria and GoLcl material in the columnar epi- IAU#
thelial cells of the ciliary body of the eye closely 4 \
resemble those in the intestinal epithelium in their
arrangement, Ma and PiLrat ('29) thought of an g
absorptive activity on the part of the former, which ‘(\I

they could prove experimentally by injecting cod-
liver oil etc. into the posterior chamber and by
demonstrating these afterwards in the epithelial
cells. Fat droplets were seen to be attached on
the surface of the mitochondria.” The filament-
ous mitochondria which are oriented here parallel
with the long axis of the cell appear to play a
réle of determining the loci of migration of the
fat droplets. Although both Muxar (°29) and Iwa- Eontoso : -
sawa (’30) are of the opinion that the ciliary body Bn .OSP wonus g ap onClLs.

. ) _ esides mitochondria, de-
may be secretory in function, the results of their .o o worn.out erythro-
investigation are far from convincing. The 0Ori-  cytes and fat droplets are
entation of the mitochondria in the columnar epi- indicated in the former
thelial cells of the intestine as well as in those of  and secretion granules in
the ciliary body may probably be best explained the latter. (After Taxact
by diffusion or water current which flows in this 33 a).
case, opposite in direction to that in a gland cell, from the free toward the
basal end of the cell.

Presence of the aster often plays a particular part in determining the
arrangement of mitochondria in the cell. Radial orientation of mitochondria
around the centrosome is known to occur in different kinds of cells, namely
in the fibroblasts (W. H. LEwis ’19), plasma cells (WALLGREN '11), leucocytes
(PoLLISTER 32 b), blood cells of some invertebrates (VorLkonsky ’33), as well
as in spermatogonial cells (GAMBIER '29). Although the last named author
considers with CHampy ('13) that the radial arrangement of mitochondria
is due to an expelling action of the centrosome, this is not a satisfactory
explanation. It is known in the fertilization of echinoderm eggs that when
the aster accompanying the male pronucleus enlarges and the centrosphere
grows in size, a centripetal flow of fluid toward the centrosome is so intense
that not only the female pronucleus, but even oil drops move toward the
centre of the aster (Gray). Here the centrosome may be said to exert an
attractive rather than an expelling action. The latter may, however, actu-
ally take place when the centrosphere is at the phase of diminishing in size.
At any rate, it cannot be questioned that the radial arrangement of mito-

Fig. 4.—Columnar epi-
thelial cells and a gland
cell of mid-intestine of

1) The figure given in their report cannot be interpreted otherwise, although
they described the fat droplets as embedded in the filamentous mitochondria.
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chondria around the centrosome is duz to the centripetal or centrifugal flow
of protoplasm toward or away from the latter. Maximow (’13) states that
filamentous and rod-shaped mitochondria in living plant cells migrate under
the influence of the protoplasmic streaming with their length directed paral-
lel with the latter. In the case of mitochondria around the centrosome, it
may be that they are arranged radially by the centripetal or centrifugal
flow of hyaloplasm and maintained in their orientation as long as the astral
rays continue to exist. KINGspury ('12) supposed that, being reducing sub-
stances, mitochondria carry a positive electrical charge and accumulate
around the centrosome in order to deliver it. Although their mere as-
semblage around the centrosome may be explained by his hypothesis, it
does not suffice to elucidate the radial arrangement, extending sometimes
almost to the outer wall of the cell, of elongated typzs of mitochondria.

Thus we are in a position to say that the diffusion or water current
in the cell is responsible for the regular orientation of mitochondria charac-
teristic of gland cells and the like as well as of cells of absorptive function,
and that the centripetal or centrifugal flow of protoplasm toward or away
from the centrosome is an agent for determining the radial orientation of
mitochondria around the latter.”

It is a conspicuous fact that filamentous mitochondria in the cross-
striated muscle fibres of amphibians, fishes and cyclostomes are oriented
parallel with the bundles of myofibrils. Obviously their arrangement is a
forced one, for being elongated forms, they cannot he oriented otherwise
in a narrow, limited mass of sarcoplasm between bundles of myofibrils.
This may clearly be understood from the fact that in a relatively broad
mass of sarcoplasm beneath the sarcolemma they are arranged quite at
random. Incidentally it may be remarked, but requires no further expla-
nation, that the very presence of formed materials in the protoplasm, such
as the Gorcl material, secretion granules, fat droplets, glycogen etc., may
act in some way and to some extent in modifying the localization and ar-
rangement of mitochondria in the cell.

HoRrNING {'27) states that the arrangement of the mitochondria in the
surface layer of the ciliates, Nyctotherus and Paramoecinm, is strikingly
regular, though the two differ in mode. Elongated forms of mitochondria
in the surface layer in the middle region of the body are arranged, in
Nyctotherus, side by side and at right angles to the longer axis of the cell,
whereas, in Paramoecium, they are arranged end to end and parallel with
that axis. This difference is due according to him to the difference in width
of intervals between the myonemes, which is larger in the former than in
the latter. Interesting as his findings may szem at first sight, it must,
however, be recognized that those granules between the myonemes which

1) It may probably be asked whet?er or not the micellar submicroscopic struc-
ture of the cytoplasm participates in a way or another in determining and maintain-
ing the orientation of mitochondria in the cell, but it is wholly impossible in the
present state of our knowledge to answer the question.
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are here dealt with are not true mitochondria. According to the recent
investigation of the present writer, which has not yat been published, the
granules situated between the myomeres of the ciliates must strictly be
distinguished from the true mitochondria embedded in their internal proto-
plasm. The granules in question are found to be different from the latter
in the following points. (1) They are, in Spirostomuin ambiguuwm and Colpi-
dium colpoda, more resistent to acetic acid than the mitochondria. (2) They
retain, in the above species and others, iron hematoxylin stain more intensely
than the mitochondria. (3) They are stained, in Blepharisn:a lateritium, by
a natural pigment, zoopurpurin, but the mitochondria are not. (4) In a
certain heterotrich ciliate, they could be stained brilliantly by vital staining
with neutral red, but the mitochondria could not. L#&cer and Dusoscq ('16)
report that the mitochondrial filaments in Balaniidium are arranged in the
pharyngeal region and its neighbourhood perpendicular to the body surface,
in the middle region of the body for thes most part parallel with the longer
axis of the cell, and in the posterior region again perpendicular to the body
surface. Harr (29) also describad a spiral arrangement of mitochondria
in the peripheral region of the flagellate Peranema. From the foregoing,
however, the question may be raised whether these authors described true
mitochondria or not.

To summarize briefly what has been concluded in the present section :

The Iocalization of mitochondria in the cell seems to be conditioned by
the colloidal state of the protoplasm. Their particular arrangement and
orientation around the centrosome and in some types of cells may probably
be attributable to the presence in the cell of protoplasmic streaming, dif-
fusion or water current. It is obvious, however, that the presence of other
formed materials in the protoplasm may act in some way and to some
extent in modifying thz localization and arrangement of the mitochondria
in the cell.

4. On the quantity and changes in quantity of the mitochondria of
the cell.

During many years of study attention has always been paid by the
present writer to what
kind of cells are rich
and what kind of cells
poor in mitochondria.
The first suggestion of
value came to him from
his study of various
kinds of amoebae. It
was found that the
larger types of amoeba
are always furnished
Wl‘th more‘ abundant Fig. 5--Three different types of amoebae. Nito-
mlt()ChOlldl‘lil than the  chondria are granular in A and C, and shortly fila-
smaller (fig. 5). It  mentous in B. x800. (After Taxacr *34Db).
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seems, then, that the quantity of mitochondria of a cell is dependent on
the quantity of protoplasm. Much other evidence is available among his
own data, showing that tissues or cells which are rich in protoplasm are
also rich in mitochondria. Thus it was found that in the toad the cardiac
muscle contains more mitochondria than the skeletal muscle and of the
constituent muscle fibres of the latter, the red is provided with more mito-
chondria than the pale. The Purxme cells of the conducting system of
the heart, which are known to be rich in protoplasm, were found to possess
abundant mitochondria {p. 170). The specialized, darkly coloured muscles
of the fishes, commonly called in Japanese “Tiai,” consist of muscle fibres
poor in myofibrils and rich in sarcoplasm. They were revealed to be es-
pecially rich in mitochondria (unpublished). It is also known from a survey
of literature that mitochondria are abundant in cells with a large mass of
protoplasm, such as the megakaryocyte (Joxpan 14, UrTani ’38) and the
osteoclast (CHANG ’31), and are scanty in cells with only a small mass of
protoplasm, such as the lymphocyte, thrombocyte and blood platelet (Cowpry
’14, see also fig. 6). Much more evidence may be cited in favour of this
view, but none trustworthy against it.

On the other hand changes, if any occur, in quantity of the mitochondria
accompanying functional activities of the cell are not so significant as have
generally bzen supposed. The view that mitochondria in gland cells are
directly transformed into secretion granules was received by many workers
as well as by most of the biologists as the most plausible theory on the
origin of the latter. But the lack of convincing proofs and considerations
on theoretical grounds hindered some investigators from accepting the
hypothesis (see also p. 196). The experiment made by HirscH ('32) on the
living pancreas of the mouse may be regarded as crucial. He exposad a
thin layer of the pancreatic tissue under intact circulation outside of the
body and observed it for long hours under high magnification of the micro-
scope. In thes pancreatic cells made practically free of pre&xisting secretion
granules by injecting pilocarpine, new granules make their first appearance
at the surface of mitochondria situated near the base of the cell, become
detached and migrate, growing gradually in size, toward the free end of the
cell. Remarkable is the fact that the mitochondria do not undergo any
changes during the process, neither disintegration nor even loss of substance
taking place.”” Turning to thz process of absorption, it was contended by
Krramura (28) that mitochondria in the columnar epithelial cells of the
intestine becomz, especially during fat absorption, disintegrated and trans-
formed during the process. But practically no changes could be observed
there by CRaMER and Luprorp ('25), who expressed the opinion that mito-
chondria do not take an active part in the process of fat absorption and

1) Ries (’35), who could not agree with Hirscu on the origin of secretion gra-
nules, ascribed it to the lipochondria which are permanent cell structures and are
independent of the mitochondria.
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assimilation. According to the observation of Ma and PiLraT ('29) on the
columnar epithelial cells of the ciliary body of the eye, fat droplets, which
are absorbed and appear in the cells after cod-liver oil has been injected
into the posterior chamber, become temporarily attached to the surface of
mitochondria, but no disintegration of the latter takes place. In view of
these results, it seems difficult for the writer to acknowledge at once the
result of Kitamura as well as those of Tirerri (°28), Liv (30) and Sarro
("33) to the effect that mitochondria disintegrate in functioning intestinal
epithelia. Further experimentation to settle this point is to be hoped for.
At present, however, the writer is of the opinion that changes, particularly
in quantity, of the mitochondria accompanying functional activities of the
cell are not very significant. In this connection it must be recalled as a
further evidence that the mitochondrial content of the cells of the gastric
¢land, the intestine, the muscle etc. of the toad during hibernation, in which
the functional activities of the organs are at an extremely low level for
several months, was found not to differ so much as had been expected from
that during the summer (p. 169).

A large volume of literature has been accumulated on mitochondrial
changes under various abnormal conditions, such as vitamin deficiency, in-
anition, infections or poisonings, and by various agents, such as RONTGEN
or radium rays, hyper- or hypotonic solutions, acids or bases, or alterations
of temperature. Three modes of reactions on the part of the mitochondria
are recognized—qualitative, quantitative, and topographical, which may occur
singly or in combination. As to the quantitative changes which are now
in question, mitochondria are reported in many cases to decrease in number
or to disapp=ar entirely. Cases are comparatively rare in which they are
shown to increase in number. Disintegration or dissolution of the mito-
chondria is usually preceded by a series of qualitative changes including
alterations in form, size and stainability. It may be remarked incidentally
that it is a conspicuous fact that the qualitative changes of mitochondria as
the response to diversified cellular injuries are generally alike. It probably
shows that the latter do not act directly upon the mitochondria, but after
a particular series of reactions give rise to some physicochemical change
of the protoplasm which is the immediate cause of the results observed.
Thus, Nisio ('31, ’32) arrived at essentially the same results, including changes
in contour, loss in stainability and ultimate disintegration of the mitochon-
dria, after exposing living pancreatic cells of the mouse to RONTGEN or
radium rays, to hyper- or hypotonic saline solutions, or to unfavorable
concentrations of hydrogan ions, although he treated the subjects only sepa-
rately and did not imagine possible existence of a common cause that may
underlie all his results. Now it is curious that in spite of the immense
volume of literature no effort has ever been made to find out to what extent
a living cell can endure degenerative changes of its mitochondrial garniture.
A first approach to this problem, it may be said, was made by Hirscu (31 b)
in his work on the analysis of restitution of the secretion material in the
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mouse pancreas by means of RONTGEN rays, in which it was shown that
mitochondria can be formed de novo in the cytoplasm after all the pre-
existing ones have bhzen destroyed to such an extent as to lose their normal
smooth outline, and that the cell awakes in its réle of generating secretion
granules first when the amount of newly formed mitochondria nearly reaches
that of the original ones. If the result of this investigation be allowed to
be generalized, it may be said that the cell can not perform its normal
activity in a condition in which the mitochondria are greatly decreased or
absent.

The present writer is of the opinion that, in normal living cells, marked
changes in quantity of the mitochondria can occur only during the onto-
genetic history, i.e. during the process of differentiation or sensscence,
of the cell. This is clearly indicated in embryological studies. Prevailing
is the opinion that mitochondria are rich in embryological cells and relatively
poor in matured cells. But
in reality, there do exist
two different modes of cel-
lular differentiation, one
accompanied with increase
and the other with de-
crease of the mitochon-
dria. Thisis clearly shown
in the case of my study
on the haematopoiesis in
the yolk-sac of chick em-
bryo (p. 171). It may easi-
iy be seen from fig. 6 that
the differentiation either
from the primitive blood
cells of the primitive ery-
throblasts and the histioid

Fig. 6.—Differentiation of blood celis and mito-  cells or from the lymphoid
chondria. pBl, primitive blood cell; pEbY, primitive  cells of the definitive ery-
‘erythroblast with haemoglobin; Loz, lymphoid cell;  throblasts and younger
Hoz", histioid cell with debris of erythrocytes; dEbI, stages of the myelocytes
definitive erythroblast with haemoglobin; Lm, lym-
phocyte ; Thr, thrombocyte ; Mlz, younger stage of
myelocyte. % 1600. (After Taxacr '31).

is accompanied with in-
crease, and that from lym-
phoid cells of the lympho-
cytes and the thrombocytes is accompanied with decrease to a greater or
less degrez of the mitochondria. Furthermore, this study together with
considerations from other lines led me to believe that, in normal czlls, changes
in quantity of the mitochondria are dependent on the quantitative changes
of, the cytoplasm. Increase or decrease of the former is attended with cor-
responding increase or decrease of the latter. In individual cases, this relation
has already been noticed by several authors. That increase in the amount
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of the mitochondria is accompanied by increase in that of the cytoplasm
was observed in cells of the regenerating tissues (Romgis '13), in the for-
mation of osteoclasts (CHANG "31), in the oogenesis of Cambarus (KATER "28),
and also in the degeneration of muscular tissue (DejkuN '29). GorTtsch ('16)
reported in a case of “foetal adznoma” of the thyroid gland that the mito-
chondria are strikingly abundant in the parenchymai cells, which are general-
ly tall columnar and contain relatively abundant cytoplasm. In the develop-
ment of the anterior pituitary of the domestic fowl, it was found by KaTo
and Nisipa ('35) that, during the period from 30 to 90 days after hatching,
mitochondria increase in number in the p-cells in accompaniment with the
growth of cell body; that in hens 4 or 5 years old they are greatly di-
minished in both the « and f-cells which have also become smaller in size
than in the prime, and further that, in castrated animals, they are increasad
in the f-calls which are hypertrophied twice as largz as in the control. But
there are not a few authors who speak only of quantitative changes of
mitochondria, leaving out of consideration changes in size of the cell, in
whose papers, however, the latter changes are clearly indicated in figures.
Such is the case for example, when CramER and Luprorp ('26) state the
quantitative changes of mitochondria in the rat’s thyroid gland, and also
when NicuoLsoN ('23) reports the decrease of mitochondria accompanying
sznescence of the thyroid gland cells of the guinea pig.

Through years of studies on a variety of tissues, the present writer has
bzen led to believe that c=lls pertaining to a definite type and having a
nzarly definits size posssss mitochondria to much the same quantity, and
that, in those cells in which the mitochondria are uniformly distributed in
the cytoplasm, the density of the formesr in relation to the latter is nearly
definite according to the typs of cell. In fact, about the nerve cells the
lattar half of this statement had already been shown to be the casz by
quantitative studies. THURLOW ('16, 17) counted the numbar of mitochondria
contained in a definite volume of cytoplasm of different types of nerve cells
of the mous=2 and found it to be practically the same in different colls of
the same type; moreover, no differences were noticed according to the in-
dividual. A similar study was made by Rasmussen ('20) about the nerve
celis of the central nervous system and the spinal ganglion of the woodchuck.
As a result, it was found that the number of mitochondria contained in unit
volume of cytoplasm is definite according to the type of cell and is modified
nezither by profound dormancy during hibernation nor by prolonged in-
anition. This affords strong evidence in support of the above expressed
opinion of the writer that the mitochondrial content of the cell is not liable
to quantitative changes of any marked degree in different levels of the
functional activity of the cell. It has also been shown in the preceding pages
that noticeable changes in quantity of the mitochondria do occur sometimes
accompanying the process of cellular differentiation or senescence. Here,
however, as they are attended with simultaneous and corresponding changes
in volume of the cytoplasm, no marked and abrupt changes may probably
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be expected in the number of mitochondria contained in unit volume of the
cytoplasm. Hence it may be supposed that the latter may not be very dif-
ferent in magnitude even about cells belonging to different categories of the
same animal, excepting those cells which possess long filamentous mitc-
chondria. This theoretical deduction lacks as yet any proof of its own, but
presents a subject of great importance in the biology of mitochondria. It
is clear that in investigations of this sort allowances should be made for
some cytoplasmic differentiations or products of metabolism which largely
influence relative volume of the cytoplasm in relation to the number of
mitochondria. The present writer obtained evidence which tends to suggest,
a step furtker, that the number of mitochondria contained in unit volume
of ths cytoplasm may not be very different even among cells or protoplasts
far removed from one another in the evolutionary scale. The number of
mitochondria containad in 660 cubic microns of the cytoplasm was found
to be approximately egual in the two species of ciliates, Spirostomum am-
biguum and Blepharisma lateritium, corresponding to the number of 121
million per cubic mm. of the cytoplasm (p. 175). This is in the same order
of magnitude with thosz obtained by TrHurLOW and by RasMusseN about
the various types of nerve cells, i.e. 178-284 million and 186-354 million
respectively per cubic mm. of the cytoplasm. Surely it is hazardous to
conclude from this alone that th= number of mitochondria contained in unit
volume of cytoplasm is nearly alike in varied types of animal protoplasm.
it may be safe in the presznt state of our knowlzdge to confine curselves
to the statement that the numbezr of mitochondria per unit volume of cyto-
plasm is much the same among different cells of the same type and, seem-
ingly, among protoplasts of very near affinity.

Cowpry and CoverL (°27) introduced the term “ mitochondria-cytoplasmic
ratio” by which was meant the ratio the total sum of the surface of mitoc-
chondria bears to the volume of the cell multiplied by 100. It may be
inferred from the above lines that the ratio will remain practically the same
among cells of the same typ= containing mitochondria in approximately
equal numbers per unit volume of the cytoplasm, when the cytoplasmic
constituents are in the form of granules or rods and are of approximately
the same size. Under these conditions the estimation of the mitochondria-
cytoplasmic ratio may be a comparatively easy matter. Some difficulties
are presznted when mitochondria appear in filamentous forms, which, how-
ever, may be overcome by taking the trouble, as Cowpry and CoveirL did,
of measuring thz length of individual filaments. In the kidn=y of the albino
rats, these authors actually found that the ratio is definite according to the
type of cell and is greatest in thz proximal convoluted tubule (192.62),
practically identical in the distal convoluted tubule (144.44) and ascending
limb of HeNLE’s loop (138.14), and least in the descending limb of HENLE'S
loop (60.11). They suggested that the highest value in the proximal con-
voluted tubule might be related to the fact that the function of the portion
is radically different from that of other sections. But whether such a dif-
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ference in the ratio, relatively small, may safely be attributable to the
difference in function seems to be still an open question, until additional
accumulation of data along this line of research leads us to admit such a
conclusion.

To sum wup the conclusions of the present section:

The mitochondrial content of normal cells does not undergo quantitative
changes to any marked degree during the functional cycle of the cells. On
ths contrary, it evidently increases or decreases in some cases during the
process of cellular differentiation or senescence, being accompanied here,
however, with simultaneous increase or decrease respectively in quantity of
the cytop'asm. The number of mitochondria per unit volume of cytoplasm
is much the sames among different czlls of the same type.

IV. On the nature and functional significance of the mitochondria

In the preceding chapter it was concluded that mitochondria are present
in the cytoplasm of all animal cells except some of those which are at the
terminal stages of their ontogenetic history, that there exist some general
rules that govern their form, size and arrangement in thz cell. Further it
was shown that the mitochondrial content of a cell is not liable to quanti-
tative changes to any marked dzagree during the functional cycle of the cell,
but depends on the quantity of the cytoplasm, either increass or decrease
of the former bzing attended with increase or decrease respectively of ths
latter, and that the number of mitochondria per unit volume of cytoplasm
remains much the same among different cells of the same type.

The present chaotic state of the mitochondrial problem may perhaps
bz attributed tc the fact that most of the investigators put off their first
duty of finding out rules or laws to which morphological features of the
cytoplasmic constituents in question are subjected, and directed their efforts
almost exclusively to the search for the nature and functional significance
of the mitochondria. No natural phsnomena, however complicated they may
appear at first sight, are without some rules or laws. It can hardly be
conceived that the mitochondria which are universal constituents of the
living substance do not obey soms definite rules. In reality, as we have
seen, there do exist some rules which govern their form, size, arrangement
in the cell and their quantitative aspzcts. The present writer believes that
further evidence confirmatory of these rules will, in future days, be re-
peatedly brought forward by investigators working with ample techunical
precautions. Any arguments regarding the nature or the functional signifi-
cance of the mitochondria must be based upon, or at least in harmony with
these rules.

The idea that mitochondria are chiefly of phospholipin nature with
perhaps a small amount of protein in combination, has prevailed for decades
and has often been utilized for theoretical considerations on their functional
significance with respect to diverse intracellular phenomena, although, lack-
ing direct proofs, it is largely based on circumstantial evidence as was
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summarized by Cowpry ('18, '24). Recently, BEnsLEY and GerscH (’33) made
a thorough criticism of the literature on the chemical composition of mito-
chondria, pointed out the inappropriateness of applying microchemical tests
to intact cells, and inaugurated a study with so-calied undenatured materials.
Liver tissues of Amblystoma were frozen in liquid air immediately on removal
from the body, completely dried and embedded in vacuum, and cut into
sections. No modification in shape or stainability of the mitochondria re-
sulted through extraction with acetic acid, alkalies, alcohol, chloroform,
acetone, sulphuric ether, or petroleum ether. The mitochondrial substance,
further, did not melt at the temperature of 48-50°C, as had been expected
from data on surviving cells. The conclusion was drawn that its main mass
is protein in nature as was indicated by the positive result with MiLLON’s
reaction and by the complete digestion with artificial gastric juice. BeNSLEY
and Hoerr (’34) ground or crushed guinea-pig’s liver in a mortar, separated
mitochondria from impurities by repeated centrifugaticn, and subjected the
mitochondrial substance so obtained to direct chemical analysis. 43.6% of
the whole belonged to fatty substance, which, however, was shown not to
contain any lipoid as had previously been supposed. In addition, two proteins
with different isoelectric points were also detected. As was acknowledged
by the authors themselves, a little ioss of substance may probably have
occurred during the process.

A remarkable opinion was expressed by Giroun (29) to the effect that
the mitochondria-hyaloplasm as a whole represents a system consisting of
two kinds of phases, which are qualitatively of the same nature, and differ
only quantitatively. No particular substances, which do not exist in the
hyaloplasm, are contained in the mitochondria. This view is in harmony
with the observation of Hirscx (31 a, b) that mitochondria may be formed
de novo in the cytoplasm, after the preéxisting ones have been disintegrated
by the action of RONTGEN rays, and grow rapidly in length with subsequent
binary fission. Theories, which contend either that the mitochondria can
only arise from preéxisting ones (GuiL.LIERMOND ’18) or that they have their
origin from the nucleus (SacucHr, HossgLET, Rapu and others), must now
be abandoned.” OQur view that the mitochondrial content of a cell increases
‘or decreasss in accordance with a similar change in amount of the cyto-
plasm may probably be best interpreted by the hypothesis that the mito-
chondria represent only different phases of the hyaloplasm and the whole
system, i. e. the cytoplasm, comes to an equilibrium when the total sum of
velumes or surfaces of the former stands at a certain numerical ratio to
the volume of the latter. It may be of interest here to call to mind the
experiment of Goss (’30). It was observed that through dissection with
microneedles, specific granules of the neutrophile leucocytes were separated

1) It was also shown by MiLovipov {'33) that the mitochondria of the vegetative
cells give a negative nucleal reaction and therefore do not contain any thymonucleic
acid which is the most characteristic element of the cell nucleus.
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from the cytoplasmic matrix and were sean in Brownian movement both
inside and outside the cell, whereas the mitochondria either of those cells
or of the lymphocytes could not be released from their combination with
the matrix in this way. This probably shows that the mitochondria, which
are not very different in chemical nature from the hyaloplasm, are also
physically more intimately connected with the latter than with any other
granules. That mitochondria are gels in the hyaloplasm which is usually
in sol state may be understood from the microdissection experiments of
Cuampers (15, '24) as well as from their attitude toward obstacles in proto-
plasmic streaming (MaxiMow 13, GuiLLIErMOND '27). Thus the cytoplasm
of a cell may probably be interpreted to consist of a number of dispersed
gel phases, the mitochondria, suspended in a continuous sol phase, the
hyaloplasm, both kinds of phases being, however, composed qualitatively of
similar sorts of substances.

To ArTMANN (90) is due the credit of first systematically describing
mitochondria in animal cells, but his theory on their nature met savere critic-
ism. He regarded them together with the bacteria as elementary organisms
or morphological units of the living substance, the only difference being
that the mitochondria can live only inside the cell, whereas the bacteria are
capable of independent existence. His opinion that the hyalin: cytoplasm
serves only as the ground substance embedding the living units and is in~
its=lf insignificant for vital processes, is wholly incompatible with modern
conceptions of cellular physiclogy. Yet this mistake of regarding the mito-
chondria as microorganisms was followed by several investigators. Among
others, WALLIN ("23 etc.), cultivating liver tissues of new-born rabbits in vitro,
reported that the hepatic cell mitochondria migrated from thz cell and
proliferated in the culture medium and he considered that the mitochondria
are bacterial organisms symbiotically combined with the tissues of higher
organisms. In his experiment of cultivating adipose tissues of the sex organs,
PorTiER ('18) obtained also multiplication of bacterial organisms, which he
declared to have be=n derived from the mitochondria. Doubt always arises
regarding experiments of this sort as to whether the mitochondrial colony
as it is called by the investigators, really represents multiplication of mito-
chondria outside the cell, or is not rather a colony of true bacterial organ-
isms inoculating the culture. The bacterial theory was severely criticized
by several investigators (Cowpry and OriTsky *22; Cowpry '23; MILOVIDOV
28 a, b etc.), who pointed out or indicated experimentally, differences that
exist between mitochondria and true bacteria. Among other objections,
however, probably the most potent is the finding made by Hirscu ('31) that
the mitochondria are capable of forming de novo in the cytoplasm of living
pancreatic cells of the mouse.

Meves in 1908 propounded a general theory according to which all the
visible differentiations which davelop in different types of cells during onto-
genssis were regarded as modifications of the mitochondria. These were
thought to be concerned in the formation, for example, of myofibrils, neuro-
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fibrils, secretion granules, fat droplets and the like (Meves 07 a, b, '09;
DugseerG '09; Hoven 10, ’11; ArnoLD ‘12 a, b etc.). This apparently plausi-
ble hypothesis which contends that the visible differentiations are derived
from the cytoplasmic constituents which are also visible and of nearly the
same dimension, and especially the view that the mitochondria in gland
cells are directly transformed into secretion granules has long prevailed and
found many supporters (e. g. Sacucu! 20, MoreLLE '25, TsuxkacucHr 26,
MiTaMURA “34). But not only was the observational evidence of the mito-
chondrial origin of most of the visible differentiation products of the cell
brought into serious doubt by later investigators (Levi ’16; GUrRwITSCH 13 ;
Lewis ’17; LAGUESSE 26 a, b; GUILLIERMOND '27; ALEXENKO '32 etc.), but
Cowbry (18, '24) also suggested the theoretical improbability that the mito-
chondria which are not very different physically and chemically in different
cell categories, could be transformed into so diversified products of differen-
tiation. That the secretion granules in gland cells are not direct derivatives
of the mitochondria seems to have been definitely proved by the works of
Hirscu (°32) and Ries (°35) (see also p. 188). In the writer's own studies in
which glandular tissues, such as the fundic gland, the pancreas, the liver
or the kidney of Bufo (p. 169) or the luminous organ of Cypridina (p. 174),
were used as the material, he searched eagerly and constantly for any figures
indicating direct transformation of mitochondria into secretion granules, but
nothing of the kind could be obtained. Only in the light cells of Luciola,
mitochondria were sometimes seen to be somewhat thickened at the ends
or-at the intermediate portion. These thickenings were thought to be due
probably to the deformation of the mitochondrial substance by fixation, or
to represent initial stages of developing photogenic granules united with
the substance of the mitochondria through the action of the fixative. In
the PUurkINIE cells of the conducting system of the heart, also, no evidence
was obtained in favour of the view that myofibrils are direct derivatives
of the mitochondria (p. 170). In the haematopoiesis in the yolk-sac of chick
embryo, further, no indications were available to show either that the mito-
chondria in the erythroblasts are forerunners of haemoglobin or that those
in the myeloblasts give rise to leucocytic granules. Thus, we are unable
to support the dictum of MEVEs and his followers that the mitochondria
in the animal cells are freely transformed into cytoplasmic differentiations
of this sort or any other. It must probably be acknowledged, however, that
some of the mitochondria in the plant cells are directly transformed into
plastids in view of the fact that the two kinds of granules resemble each
other both physically and chemically and that the transformation is actually
observed in living plant cells (Maxmow ’13, GUILLIERMOND ’32, "34).

The hypothesis that the mitochondria mediate protoplasmic respiration
seems to have been founded on the fact that their occurrence is universal
in the living cells. As stated in the foregoing pages, they are not only
present in all the animal cells except some which are at the terminal stages
of ontogenetic history, but also they are, in many cases, almost uniformly
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distributed in the cytoplasm, their number per unit volume of the cyto-
plasm, moreover, remaining fairly constant among cells of the same type.
Their importance as a universal constituent of the living protoplasm can
not too much be emphasized, but we have no dire:zt evidence for their sup-
posed réle in cellular respiration. The suggestion of KiNgsBuRry ('12) and
that of Maver, RaTuery and ScHARFrFER ('14) that the mitochondria par-
ticipate in oxidations and reductions in the protoplasm is based merely on
indirect evidence and on the not well-established knowledge of their chemical
composition. More recently, JoyET-LAVERGNE ('28, ’29) showed that mito-
chondria are coloured purple by sodium nitroprussiate and thought them
the seat of glutathione which is concerned in the oxidations and reductions
in the cell. It must be recognized, however, that the reaction given by
sodium nitroprussiate is by no means specific to glutathione, but is charac-
teristic of ~-SH groups in general. In his paper on the microchemical studies
on the mitochondria in the intestinal epithelium of Ascaris, Giroup ('29)
rightly concluded that the positive reaction obtained is due to the presence
of some -SH compound in their chemical composition. According to his
later work (31} on various sorts of animal tissues, the substance in the
mitochondria giving positive reaction against the reagent is not glutathione
itself, which permeates probably through the entire protoplasm, but some
water-insoluble -SH compound, which is present not only there, but in the
myofibrils and the hyaloplasm as welil; and although the reaction is con-
spicuous at the formed constituents of protoplasm such as the myofibrils
and the mitochondria, its intensity depends merely on the concentration of
the substance. Thus, if the supposition by analogy is allowed that the
substance mediates oxidations and reductions in some way, the roéle played
by the mitochondria in cellular respiration may be but subordinate. As was
pointed out by NeepHAM and Nrepuam ('27), the well-known fact that Janus
green B, the rH of which lies at about 5.2 (pH 7.0), is often reduced to
diethylsafranine on the surface of the mitochondria might mean that the
oxidationreduction potential of these bodies is at a very low level. But
theoretically, this does not necessarily signify that they are cytoplasmic
locations where active reductions actually take place. A similar interpre-
tation may probably he applicable to the findings of Jover-LAveErcNg (1928
e:c.) that pyrogallic acid, metol, hydrochinone, diamidophenol etc. are oxi-
dized, and gold chloride and silver nitrate reduced on the mitochondria of
some plant and animal cells, that leucobases of methylene blue, Nile blue
and toluidin blue are oxidized on those of some Sporozoa and Fungi, and
further that cobaltous salts are oxidized on the surface of mitochondria of
the T¥iton erythrocytes. To what extent, in living cells, oxidation-reduction
phenomena are going on on the surface or in the interior of the mitochondria
is at present quite obscure. But the possibility cannot be denied that some
oxidizing enzymes are more concentrated on the surface of mitochondria
than elsewhere in the cytoplasm, or that some sort of substances are ad-
sorbed and concentrated to become oxidized or reduced on their surface in
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the sense alluded to in the surface film theory (see below). At any rate,
it does not seem justified to-day to proceed to ascribe to the mitochondria
a function of mediating cellular respiration as their only and exclusive one.
Recaup in 1909 advanced his eclectosome theory according to which the
mitochondria play the part of choosing and selecting substances from the
surrounding cytoplasm, condensing them and transforming them in their
interior into infinitely diverse products. The fundamental idea of this theory,
it may be said, was incorporated by CowpRry into his surface film theory,
which will next be treated, in a more advanced and concrete form.
Cowpry '(’26) suggested the importance for cellular physiology of the
interface between the mitochondria and the cytoplasm. That various sub-
stances may be adsorbed and concentrated on the surfacz film of the mito-
chondria may safely be inferred from the fact that these are stained vitally
with Janus green B. Some of them, at least, e. g. starch or compounds
containing masked iron, may be incorporated into the substance of the mito-
chondria. Probably some chemical or physical change or changes on either
side may here be a necessary preliminary. Next will follow a series of
chemical or physical interactions hetween the mitochendrial material and
the incoming substances, and substances of widely different character may
be built up. As there are variations in the chemical constitution of the
mitochondria and also in that of the cytoplasm, different actions are con-
ceived either in adsorption or presumably in catalysis. Thus, the mito-
chondria-cytoplasmic interface may be considered, Cowpry states, to play
a réle of as real importance in cellular physiology as the nuclear membrane.
In what part or parts of the c¢21l chamical reactions necessary for the
maintenance of vital phenomena are going on is one of the most important
problems of cellular physiology. According to HosMEISTER ('01), different
chemical reactions in the cell go on in different ultramicroscopic reaction
chambers bounded by semipermeable membranes, which are formed by the
reactions themselves and continuously appear and disappear in the cyte-
plasm. Others, among whom WARBURG's ("21) name may be mentioned, are
of the opinion that intracellular surfaces, surface films of various kinds of
granules in particular, may be assigned the important réle of adsorbing
and concentrating molecules of various substances and thus facilitating
chemical interactions.. Ingenious is the theory of ultramicroscopic reaction
chambers, but it is not supported by any positive evidence. On the other
hand, the latter theory, which may be termed as one of surface catalysis,
is based upon sound experimental facts and is provided also within the
limits of the mitochondrial problem itself with positive evidence. Among
other evidence, there is no room for doubt that Janus green B is absorbed
and concentrated and becomes sometimes reduced on the surface of the
mitochondria. HirscH's finding ('32), also, that the secretion granules make
their first appearance on the surface of the mitochondria may perhaps be
best interpreted on the basis of this theory, although, according to Ries ('35),
they are no primordial secretion granules, but are composed of lipoidal
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substances concentrated and appearing in granular form on the surface of
mitochondria. Thus, in the present state of our knowledge, the surface
film theory, which may be considered as essentially a theory of surface
catalyais with regard to the mitochondria, seems to be the most plausible
of many theories and hypotheses on the functional significance of the cyto-
logical constituents in question. The supposition may be allowed that other
formed constituents of the cytoplasm may also function in a similar way
but the mitochondria with others may probably have their respective sphere
of activity assigned to them according to their physical and chemical pro-
perties. ROBERTSON ('26) expressed the opinion that the mitochondria adsorb
and so orient molecules of some organic substances on their surface that
reactive atomic groups draw near each other and become concentrated and
chemical synthesis is facilitated. Such a consideration will contribute, no
doubt, to refinement of the theory, but what is here more needed seems to
be further accumulation of positive evidence.

In brief, the writer’s opinion on the nature and functional significance
of the mitochondria may be stated as follows. The mitochondria are pre-
sent in all the animal cells except some which are at the terminal stages
of ontogenetic history. They are to be regarded as constituting indispensa-
ble phases of the hyaloplasm in which they are embedded, differing, how-
ever, in consisitency from the latter. In normal conditions, the number of
mitochondria contained in unit volume of the cytoplasm seems to remain
fairly constant in different cells of a definite type. There is some evidence
in support of the view that, when the cell is injured so that it is deprived
of its proper garniture of mitochondria, the cytoplasm is, in a sense, out
of equilibrium and the cell cannot be functionally active. Why, in normal
cells, the quantity of the mitochondria is definite in such a manner is a
difficult problem which will await experimental analysis in future days. As
regards their functional significance, it probably consists in surface catalysis
in the sense which Cowpry indicates in his surface film theory. Though
direct evidence in its favour is still meager on account of technical diffi-
culties, it will gradually be accumulated by future studies.

One important point which I wish especially to emphasize is that the
quantity of the mitochondria of a cell is determined primarily by the quantity
of the cytoplasm and not by the demand for their functional activity. They
may be regarded in this respect as constituting part of the organization of
the protoplasm. This point has never come into the mind of most investi-
gators. For example, it was thought by many that the mitcchondria of a
cell should increase or decrease according to whether their supposed functions
are claimed or not. But mere demand in functional activities of a vital
structure does not necessarily lead to an increase in number of its struc-
tural units. Who thinks that the nerve cells of the brain should increase
during mental activities and decrease during hours of rest? There is no
reason to surmise that in a single instance minute structural elements such
as the mitochondria must fluctuate in number according to the degree of
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their activity. It is a conclusion already arrived at that there is, in fact,
no indubitable evidence in favour of the supposition that the quantity of
the mitochondria should change according to the physiological conditions
of the cell (p. 188).

V. Summary

From the writer’s own studies, outlines and. results of which are com-
prised in Chap. II, from general theoretical considerations and from critical
survey of li‘cerature,‘ the following conclusions are arrived at:

1. Mitochondria are present in all healthy animal cells except some of
those which are at the terminal stages of their ontogenetic history.

2. Mitochondrial configuration is nearly the same in different cells of
a given kind pertaining to an individual or to different individuals of a
given species of animal. Changes in it occur indubitably in some cases
during the ontogenetic history or the functional cycle of the cell, but they
are no necessary attendant of either of the latter.

3. The diameter or girth of all the mitochondria in one and the same
cell is astonishingly uniform. Changes in it occur in some cases, but not
always, during the ontogenetic history or the functional cycle of the cell.
In such instances, all the mitochondria of the cell undergo similar and
simultaneous changes.

4. The localization of mitochondria in the cell is known, at least in
some cases, to be conditioned by the colloidal state of the protoplasm. Their
orientation seems to be determined in many cases by the protoplasmic
streaming, the diffusion or water current through the cell. It is evident
that the presence of formed materials in the protoplasm, such as the GoLG1
material, myofibrils, fat droplets etc.,, may act in some way and to some
extent in modifying the localization and orientation of the mitochondria in
the cell.

5. The mitochondrial content of a normal cell does not undergo quanti-
tative changes to any marked degree during the functional cycle of the
latter. On the contrary, it evidently increases or decreases in some cases
during the process of cellular differentiation or senescence, being accompanied
here, however, with simultaneous increase or decrease respectively in quantity
of the cytoplasm. The number of mitochondria per unit volume of cyto-
plasm is much the same among different cells of the same type.

6. Mitochondria may be considered as representing indispensable mor-
phological constituents of the cytoplasm. No particular substances, how-
ever, which do not exist in the hyaloplasm are believed to be contained in
their chemical composition. Mitochondria may probably be interpreted as
constituting merely particular phases of the hyaloplasm in which they are
~embedded, differing, however, in physical consistency from the latter.

7. The functional significance of mitochondria in the cell may, in all
probability, consist in surface catalysis in the sense expressed in the surface
film theory. It may be conceived that other formed constituents of the
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cytoplasm may also participate in this, but the mitochondria and the others
may probably have their respective sphere of activity assigned to them
according to their physical and chemical properties. The supposition that
the mitochondria of a cell should increase or decrease according to whether
their functional participation is demanded or not, cannot be supported
theoretically and also contradicted by a body of unquestionable evidence.
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