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CHAPTER I
VARIOUS THEORIES OF THE ORGANISM

NEO-VITALISTIC THEORY

To the primitive man all the phenomena of nature were de-
termined and controlled by some agent or agents essentially similar
to himself, but as his knowledge of the world increased, the con-
trast between living and non-living things forced itself upon him
and the idea of a special vital principle of some sort arose. In the
mind of different thinkers this principle has taken various forms,
and the attempt has been made again and again in the history of
thought to show that some such principle is absolutely indispen-
sable for any adequate conception of life. A century ago the idea
of vital force dominated biological thought.

Within recent years the same idea has reappeared in a somewhat
changed though not essentially different form. Particularly in
Germany a group of investigators has arisen who believe that they
have found new evidence in the facts of experimental biology for
the existence of a vital principle. The chief exponent of these ideas
is Driesch ("08) who has developed the Aristotelian idea of entele-
chies in a somewhat modified form. The entelechy is something
which acts in a purposive way and constructs the organism for a
definite end and controls its functioning after it is constructed.
The physico-chemical processes are simply means to the end.

Since the neo-vitalistic hypotheses profess to find their founda-
tion to a greater or less extent in the facts of experimental biological
investigation, they have a claim on the attention of biologists which
purely speculative hypotheses do not have. But a critical examina-
tion of the works of Driesch and other neo-vitalists discloses the
fact that their hypotheses actually rest, not upon facts, but upon
certain undemonstrated and at present undemonstrable assump-
tions. Driesch’s so-called “proofs of the autonomy of vital pro-
cesses’’ are not proofs at all, because each of them involves in one
way or another the assumption of what it is supposed to prove. At
present it is as impossible to prove as to disprove the existence of a
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ing and retesting the supposed facts, adopting and discarding hy-
potheses, will continue to be the basis of our advance in knowledge.

CORPUSCULAR THEORIES

During the latter half of the nineteenth century, biology, and
particularly zodlogy, was to a large extent dominated by the cor-
puscular theories of heredity and organic constitution. These
theories postulate some sort of a material particle or corpuscle
consisting of more than one molecule as the ultimate basis of life.
The organism is built up in one way or another from a number,
often very large, of such corpuscles, and the corpuscles are the
“bearers of heredity.” The gemmules of Darwin, the pangenes
of DeVries, the physiological units of Spencer, the biophores and
determinants of Weismann, and various other hypothetical units
have played an important part in biological thought during almost
half a century,

This group of theories may be called the morphological or
static group. They all postulate a complex morphological struc-
ture as the basis of inheritance and development, and they are all
attempts to answer the question as to how the characteristics of
the species are maintained from one generation to another. Among
them the theory of Weismann has been more completely developed
and has influenced biological thought and investigation to a greater
extent than any other.

All of these theories possess certain characteristic features in
common. The ultimate elements, whatever they may be called,
are not alike, but each possesses certain definite characteristics and
plays a definite part in the development of the individual. The
organism is in short essentially a colony of such units, According
to Weismann, DeVries, and others, the ultimate units are each
capable of growth, and each reproduces its own kind.

It is scarcely necessary to call attention to the fact that these
theories do not help us in any way to solve any of the fundamental
problems of biology; they merely serve to place these problems
beyond the reach of scientific investigation. The hypothetical
units are themselves organisms with all the essential characteristics
of the organisms that we know; they possess a definite constitution,
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governed by different laws still plays no small part in interpretation
and speculation, and we have heard much of unit characters within
the last few years. The chromosomes and their hypothetical
constituent elements still serve their purpose as safe repositories
of unsolved problems, and doubtless will long continue to do so.
And in Rignano’s theory of centro-epigenesis ('o6) we have a cor-
puscular theory in a new dress, but still with the same characteristic
features.

But all of these theories and conceptions bear the stamp of the
study rather than of the laboratory. Many of them show great
ingenuity, but they all fail to show us how the things are done that
they assume to be done: they ignore almost entirely the dynamic
side of life. At present we can neither prove nor disprove them,
for they are entirely beyond the reach of science. No facts can
overthrow them, for it is always possible to make the hypothetical
units behave as the facts demand. But we can at least look in
other directions for a more satisfactory basis for interpretation of
the facts of observation and experiment and for guidance in our
thinking.

CHEMICAL THEORY

The synthesis in the laboratory of organic substances which
began in 1828 with the synthesis of urea by Wohler led to the
overthrow of the doctrine of vital force current before that time.
The formulation of the law of conservation of energy by Robert
Mayer, its establishment by Helmholtz, and its application to
organisms by both of these investigators as well as by others, con-
tributed still further to the belief that the dynamic processes in
organisms, instead of being unique and governed by special laws,
are not fundamentally different from those which occur inde-
pendently of life. And, finally, the acceptance of the theory of
evolution gave a breadth of outlook never before attained, in that
it permitted us not only to regard the organic world as one great
whole, but also afforded a firm foundation for the belief that the
living must have arisen from the lifeless and that the fundamental
laws governing both are the same.

With the attainment of this point of view the problem of the
nature of the processes in the living organism was fully established
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living proteid was believed to be connected with its great com-
plexity. Of course many differences of opinion existed with respect
to the details of the process, but the essential feature of this con-
ception of the organism is that life consists in the building up and
the breaking down of proteid molecules. The energy developed
by living forms is the energy contained in these molecules.

The necessity for the distinction between living and dead proteid
was pointed out by Pfliiger ('75), and in later years Verworn ('o3)
has developed the idea further in his ‘ biogene hypothesis,” of which
the essential feature is that certain complex labile proteid mole-
cules are the biogenes, the “producers of life.”” These molecules
are not necessarily entirely decomposed in metabolism, but the
source of energy probably lies in certain chemical groups which
break down and are replaced by synthesis from the nutritive sub-
stances. According to this hypothesis the dynamic processes in
the organism are connected with the breakdown and synthesis of
these labile molecules. The molecule is not itself “alive,” but its
constitution is the basis of life and life results from the chemical
transformations which its lability makes possible. The “living
substance’’ is then not a substance of uniform definite molecular
constitution: such a substance would not be alive. It is rather a
substance in which some of the labile molecules are continually
undergoing transformation, i.e., life itself consists in chemical °
change, not in chemical constitution.

This theory of the organism leaves us very much in the dark on
many points. In the first place, most of the proteids as we know
them in the laboratory are relatively stable and inert chemically
and show no traces of the extreme lability or explosiveness which
the theory postulates as their most important characteristic in the
living organism. This difficulty was solved theoretically by assum-
ing that the lability is a property of living proteids only and dis-
appears with death. Death in fact was regarded as resulting from
this change from lability to stability. The proteids in vitro are
of course dead proteids, therefore we should not expect to find them
possessing the property of lability. This assumed distinction be-
tween living and dead substance has the further disadvantage of
practically removing the “living substance” from the field of
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The solution of the problem of differentiation has scarcely been
attempted. It is manifestly closely associated with the metabolic
process, but what is the origin and significance of the different
kinds of proteid substance and how is their localization at different
points of the organism accomplished? If the “labile” biogene
molecules all possess the same constitution, then they must undergo
different transformations in different parts of the organism; if
they differ in constitution in different parts we must find some
basis for the difference. It is an established fact that the basis of
differentiation exists within the organism and not in environmental
factors: it must then depend in some way upon the labile proteid
molecule which according to the hypothesis is the basis of life.
But it is difficult to understand how such molecules can serve as a
foundation for localization and differentiation.

If we accept this hypothesis we must after all conclude that the
processes in the living organism differ very widely from those in
the inorganic world, for nowhere except where there is life do we
find anything approaching in any degree the synthesis of so com-
plex and highly labile a substance as the living substance is assumed
to be. But even if we should ever succeed in producing in the
laboratory a proteid with the degree of lability postulated for the
living substance, it would be likely, in the absence of the delicate
mechanism regulating its transformation in the organism, to die
or “explode” at once. :

From this point of view it is also difficult to account for the
capacity of organisms to continue alive when subjected to the
never-ceasing changes in the world about them. We should
scarcely expect such extremely delicate and sensitive mechanisms
as these highly labile molecules to withstand the shocks to which
organisms in nature are constantly subjected. The facts indicate
that organisms have existed continuously for millions of years and
during this time have given rise to inconceivable amounts of
“living substance.” How could such a labile substance ever have
persisted long enough in the first instance to form an organism ?

The only way in which we can account for these facts without
discarding the hypothesis of a highly labile living substance is by
the assumption that in some way a part of the energy liberated by
the breakdown of these labile molecules must serve for the synthesis
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In his book on the physical chemistry of the cell and tissues,
Hiber ('11, pp. 553-55) asserts that we have absolutely no grounds
for believing that the metabolic process is based on the lability of a
complex organic component of the protoplasm. When we attempt
to solve the problems of metabolism with the aid of this hypothetical
labile molecule, we find ourselves in a cul de sac from which the
only possible way out is retreat. According to Héber, and most
authorities now agree with him, there is no kind of proteid essen-
tially different from that with which we are familiar in the labora-
tory. If proteids are readily broken up in the organism, it is not
because in some way they have acquired a peculiar property of
lability which they do not possess elsewhere, but for very different
reasons; the conditions in the organism are different from those in
the test-tube. Hober maintains that the fundamental charac-
teristic of the process of metabolism is to be found in the combined
and correlated activity of certain definite substances in certain
definite quantitative relations.

This conception of metabolism has gained ground rapidly of
late and for various reasons. In the first place, evidence in its
favor has been rapidly accumulating, and there is not a shred of
experimental evidence in support of the labile molecule hypothesis.
It is all the time becoming more evident that life does not consist
in any one process nor depend on a particular kind of molecule,
but that it is the result of many processes occurring under con-
ditions of a certain kind and influencing each other. Moreover,
such a conception has a logical advantage over the hypothesis of
the labile molecule in that it does not involve assumptions which
are outside the range of scientific investigation and which we can
therefore never hope to prove or disprove.

If we accept this idea we must abandon the assumption of a
living substance in the sense of a definite chemical compound.
Life is a complex of dynamic processes occurring in a certain field
or substratum. Protoplasm, instead of being a peculiar living sub-
stance with a peculiar complex morphological structure necessary
for life, is on the one hand a colloid product of the chemical reac-
tions, and on the other a substratum in which the reactions occur
and which influences their course and character both physically and
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the more complex the constitution of a substance the more likely
it is to exist in the colloid condition.

The colloids are disperse heterogeneous systems, i.e., they
consist essentially of particles larger than molecules of a substance
or substances in a medium of dispersion which may be water or
some other fluid. In the colloid sclution, or “sol,” the particles
are suspended and separated from each other by the medium,
while in the coagulated condition, or “gel,” they are more or less
aggregated. As regards the size of the particles, the colloid may
range from a suspension or emulsion in which the particles are
visible to the naked eye to the molecular true solution at the oppo-
site extreme. The colloids are usually divided into two groups,
the suspensoids, in which the particles are solid, and the emul-
soids, in which they are fluid or, more properly, contain a high per-
centage of fluid.

The suspensoids are comparatively unstable as regards the
colloid condition, are readily precipitated or coagulated by salts,
carry a constant electric charge of definite sign, are not viscous,
usually do not swell, do not show a lower surface tension than the
pure medium of dispersion, and are mostly only slightly reversible.

The emulsoids, however, are comparatively stable as colloids,
less readily coagulated by salts, may become either positively or
negatively charged, are usually viscous and possess a lower surface
tension than the medium of dispersion, form membranes at their
limiting surfaces, and are reversible to a high degree.*

Most of the organic colloids together with some other sub-
stances belong to the second group, the emulsoids, and it is demon-
strated beyond a doubt that many of the characteristic features of
living organisms are due to the presence of a substratum composed
of these colloids. The viscosity, the reversible changes in aggre-
gate condition through all gradations from sol to gel and back
again, the ability to take up water and swell, and the formation of
membranes as well as the other properties are of great significance

* Books on colloids are rapidly becoming numerous. See for example Freund-
lich, ’og, and Wolfgang Ostwald, 'rz, as general works on the subject. Bechhold,
'12, Hisber, ’r1, and Zanger, 'o8, consider the significance of the colloids for the living
organism.
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but upon particular osmotic or other physical conditions which are
present in the experiment. Structures so produced are often
evanescent and disappear as the conditions in the medium change,
for the chemical processes do not remain localized in the ordinary
media of chemical reaction, though where the substance of the
structure is insoluble they may persist.

Within recent years it has been shown that the production of
form and structure in connection with chemical reaction is much
more readily accomplished when the reaction occurs in the presence
of colloids. The colloids in such cases are not necessarily involved
in the chemical reaction in any way, but act primarily as a physical
substratum in which the reaction occurs. By altering the course
and rate of diffusion they serve to establish or maintain differences
of concentration; in consequence of the great amount of surface of
the colloid particles adsorption may play an important part, and
the formation of membranes may also affect the course of the re-
action. The effect of the colloid as a localizing factor, as a means
of producing form and structure, is greater in the gel than in the
sol state of aggregation.

Many have not been slow to call attention to the resemblance
between form and structure thus produced and organic form and
structure, and more or less adventurous hypotheses of the nature
of life have been one result of such researches. On the other hand,
many biologists have been inclined to regard experimentation of
this sort as of little value for the problem of morphogenesis, but
this attitude seems to arise in part from a misconception. The most
important point in connection with such experiments is not the
resemblance between the forms and structures produced and those
of living organisms. Actually of course the resemblances are in
many cases very remote and superficial and of minor importance.
But the fact that morphological form and structure can be made
to arise in such physico-chemical systems is of great importance
for biology, for it affords at least a basis for the scientific investiga-
tion and interpretation of morphogenesis in the organism. Earlier
attempts to formulate theories of morphogenesis have consisted in

* Examples of investigation along this line are the work of Leduc, '08, 'oga, "ogh,
*10; Liesegang, 'og, '11, '14, and other earlier papers, and Kiister, '13.
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of substances, and that differences in the aggregate condition of
different parts are important factors in the process.

But even if membranes play the important part which the
membrane theory assigns to them, there is no general agreement as
to the nature of the conditions which determine permeability,
semi-permeability, and impermeability. Some maintain that these
properties of membranes depend upon their chemical constitution,
and that most substances to enter the cell must combine chemically
with the substance of the membrane. Others believe that the
entrance of substances into the cell is a matter of solubility in the
membrane-substance. According to the familiar theory of Overton
and Meyer, the chief constituents of the cell membrane are lipoids,
and the passage of at least many substances depends on their
solubility in these lipoids. There is, however, considerable evi-
dence against this view that lipoids are in all cases the chief or only
factors concerned. Still another hypothesis is that the selective
capacity of the membrane depends in one way or another upon
its colloid condition. It may well be that many different factors
are involved in the permeability of membranes in living organisms,
but it seems certain that whatever the nature of these factors may
prove to be, the peculiarities of the so-called living substance in
this respect are very closely connected with its colloid condition.
And when we recall the slight diffusibility of colloids through each
other, it becomes evident that the colloid condition of the sub-
stratum is an important factor in determining the accumulation
and localization of colloids themselves.

It has been shown that various inorganic colloids, such for
example as colloid platinum, resemble to some extent in their action
as catalyzers the enzymes or ferments of the organism. All the
known organic enzymes are apparently colloids, and while there is
still difference of opinion as to the nature of their action, yet the
resemblance between them and inorganic catalyzers is at least
highly suggestive.* We know that enzymes are absolutely essential
factors in the processes of life, and if enzyme action is in any way
assoclated with the colloid condition the significance of this con-
dition for organic life will be still further demonstrated.

1 See Bredig, 'o1; Hober, '11, pp. 553-614.
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reactions, it is evident that the association between the reaction-
complex and the substratum must continue as long as the reaction-
complex continues. It is probable that if we could duplicate the
reaction-complex in the laboratory it would be impossible to
designate any particular point in the process as the point where
life begins. Life is not any particular reaction nor any particular
substance, but a great system of processes and substances. Struc-
ture and function are then indissociable. And yet in the broad
sense function produces structure and structure modifies function.
At first glance it may appear that this relation is quite unique, that
nothing like it exists in the inorganic world. As a matter of fact,
however, the same relation exists everywhere in dynamic systems
in nature.

Various authors have from time to time compared the organism
with one or another inorganic system. Roux ('os), for example,
has carried out in some detail the comparison between the organism
and the flame. Although this analogy contains much that is valu-
able, especially on the chemical side, it is imperfect morphologically
because the morphology of the flame is much less stable and per-
sistent than that of the organism. Some years ago (Child, '11) I
found the analogy between the organism and a flowing stream
useful for purposes of illustration. While as regards metabolism
the river is much more widely different from the organism than
the flame, yet as regards the relation between structure and func-
tion there are certain resemblances between the two which are of
value for the present purpose. Such analogies serve merely to
call attention to certain points. The flow of water—the current
of the stream—is the dynamic process and is comparable in a
general way to the current of chemical energy flowing through the
organism. On the other hand, the banks and bed of the stream
represent the morphological features. Wherever such a system
exists, certain characteristic developmental changes occur which,
though much less definite and fixed in localization and character
than in the organism, are nevertheless of such a nature that we
can predict and control them.

Neither water alone nor the banks and bed alone constitute
the system which we call a river; and in nature the banks and bed
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The living organism has often been compared to a machine made
by man, such as the steam engine, which converts a part of the
energy of the fuel into function as the organism transforms the
energy of nutrition into functional activity. This analogy is a
very imperfect one, for in the steam engine and in all other machines
constructed by man structure and function are separable. More-
over, the man-made machine does not construct itself by its func-
tional activity, but is completely passive as regards its construction,
being built up by an agent external to itself for a definite purpose,
and being unable to function until its structure is completed. The
organism, on the other hand, functions from the beginning and con-
structs itself by its own functional activity; and the structure
already present at any given time is a factor in determining the
function, and the function at any given time is a factor in determin-
ing the future structure. The organism is then a very different
thing from a man-made machine, and comparisons between the
two are likely to lead to incorrect conclusions concerning the organ-
ism. The machine corresponds more closely to a fully developed
morphological part of the organism which constitutes a definite
functional mechanism. But the structure and function of such a
part give us no conception of the organism as a whole and of its
action as a constructive and activating agent.

The comparison between the living organism and the man-
made machine completely ignores the relation between structure
and function in the former. And any conception of the organism
which does not take into account its ability to construct its own
mechanism is very far from adequate. The whole living organism
may be compared with the machine plus the constructing and
activating agent, the intelligence that makes and runs it. It may
appear at first glance that this view leads necessarily to the assump-
tion that an intelligence more or less like that of man is concerned
in the development of every organism. This, however, is far from
being the case. In the broad sense, the man building and running
a machine is an organism constructing a part with a definite func-
tional mechanism which functions under the control of the whole.

If intelligence is a function of the human or any other organism,
then the same laws must hold for its activity as for that of organisms
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only adding new material, but is at the same time breaking down
and eliminating material previously accumulated. The total
result as regards size or bulk is simply the difference between the
two processes. Some of the substances accumulated within the
organism break down less rapidly than others, but even such sub-
stances may be more or less completely removed. In the more
complex organisms also some of the substances of the substratum
are apparently more stable, i.e., inactive chemically, under physio-
logical conditions, and the processes of breakdown are therefore
less conspicuous as a factor in the total result than in the simpler
forms. Under conditions where the breakdown of material over-
balances the increment, as for example in starvation, the higher
organisms soon die with a considerable portion of their substance
intact, but in many of the simpler forms the material previously
accumulated serves to a large extent as a source of energy and the
organism remains alive and active, but undergoes reduction until
it represents only a minute fraction of its original size. Various
species of the flatworm Planaria may undergo reduction from
a length of twenty-five or thirty millimeters (Fig. 1) to a length
of three or four millimeters (Fig. 2) with a corresponding change
in other proportions before they die, and many others among
the simpler organisms are capable of undergoing great reduc-
tion without death. Since the addition of material and
increase in size play a much more conspicuous part in the life of
organisms in nature, and particularly in the higher organisms,
than do the reductional processes, it has come about that the term
growth has usually been applied to the incremental, or productive,
factors, and the significance of reduction in the life cycle has
scarcely been considered.

Various authors have laid stress upon the permanency of the
changes involved in growth. As a matter of fact, these changes
are not necessarily permanent, although they are more stable in
the higher than in the lower organisms. To say that growth con-
sists in permanent increase in volume or change of form is to ignore
entirely the phenomena of reduction which are, it is true, most
striking in the lower organisms, but which may occur to some
extent in all. _
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different in any visible way may show themselves by their behavior
to be physiologically different, so that the absence of visible differ-
entiation in the cell is not proof that the cell is completely unspecial-
ized.

The substance of the undifferentiated cell is the general meta-
bolic substratum of the organism, and it is the chemical or physical
transformations of this substratum, or the addition of substances
to it, that constitutes morphological differentiation. Physiological
differentiation consists in the progressive development of certain
activities at the expense of others.

While we know too little at present of the nature of the various
metabolic processes and of the relation between metabolism and
the cellular substratum to permit us to reach positive conclusions
concerning the nature of differentiation, the facts at hand suggest
certain probabilities. In the first place the embryonic cell very
evidently has in general a higher metabolic rate, or capacity for
a higher rate, independent of external stimulation, than do differ-
entiated cells. Apparently the mere continuation of life in the
cell without cell division brings about changes which decrease
the metabolic rate. Such changes may conceivably result from
gradual atomic rearrangements or from changes in aggregate con-
dition of the colloids. It is a well-known fact that emulsoid sols
outside the organism undergo slow changes in the direction of
coagulation, even when kept under as nearly as possible constant
conditions, and there is good reason to believe that similar changes
occur in the colloids of the living organism. In the coagulation
of proteids by high temperatures time is a factor, i.e., the occurrence
of coagulation depends, not only upon the actual temperature, but
on the time of exposure to it: the lower the temperature, the longer
the time necessary to bring about perceptible coagulation. From
the character of this relation between time of exposure and tem-
perature it is inferred that, theoretically, coagulation must occur
at all temperatures above the freezing-point of the sol, its rate being
infinitely slow at low temperatures and increasing rapidly as the
temperature rises. The fact that coagulation changes do occur
slowly in colloid sols at ordinary room temperatures supports this
view. Lepeschkin ('12) has found that the relation between
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parts may affect the course of metabolism in other parts, and
differences in the rate of growth of different parts may produce
mechanical effects. Since the action of external factors is variable,
both in time and in space, it is impossible for a cell or cell-mass to
exist for any considerable length of time under natural conditions
without local differences of some sort, temporary or permanent,
quantitative or qualitative, appearing in it in consequence of the
differential action of external factors.

Differentiation of some degree and kind is then a necessary and
inevitable result of continued existence except where the progressive
changes are balanced or compensated in some way, and we must
distinguish self-determining, correlative, and external factors in
the process. In general, as I have pointed out above, the gradual
accumulation and increase in physiological stability of the proto-
plasm, either through change in chemical constitution or aggregate
condition or both, is self-determined and results from the nature
of metabolism and the constitution of protoplasm, while the correl-
ative and external factors play a part in determining the character
of the structural substratum thus produced.

The process of differentiation once initiated, each step becomes a
factor bringing about further changes. For example, the character
of the substances accumulated in a cell seems to depend to a greater
or less extent upon the conditions in the cell which affect metabolic
rate, such as aggregate condition of protoplasm, enzyme activity,
etc. In embryonic, undifferentiated cells, where the internal
conditions permit a high metabolic rate, only those substances
which form the general metabolic substratum, i.e., protoplasm,
remain as constituents of the cell, but as the self-determined meta-
bolic rate decreases, other substances begin to appear and remain
in the cell. Undifferentiated protoplasm is protoplasm reduced
morphologically to its lowest terms. Apparently the metabolic
rate in the cell, or the internal conditions on which the metabolic
rate depends, are factors in determining the physiological stability of
substances. Substances which are either not formed or are broken
down and eliminated after formation in cells with a high metabolic
rate appear as more or less permanent structural components
in cells with a lower rate. As the seli-determined metabolic
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According to the theory of differentiation developed here, the
seli-determined rate of metabolism of the cell must be to some
extent an index of its degree of differentiation. This is to be ex-
pected, since the metabolic rate must depend upon the condition
of the metabolic substratum. It is important to note that it is
the metabolic rate, as determined by conditions existing within
the cell independently of external stimulation, which is thus related
to the degree of differentiation. Many highly differentiated cells
with a low, self-determined metabolic rate are capable temporarily
of a very high rate when stimulated from external sources. Such
increases in rate are evidently the result of changes in the cellular
substratum which are largely or wholly reversible. What their
nature is we do not know certainly, although various theories of
stimulation have been advanced. As differentiation proceeds
beyond a certain stage, even the metabolic rate following stimu-
lation decreases and the cell becomes less and less capable of per-
forming its special function as a differentiated cell.

In general, a greater degree of differentiation of cells is one of
the features which distinguish the so-called higher organisms from
the lower. A comparison of the cells of higher and lower forms
and of their course of differentiation seems to indicate very clearly
that the physiological stability of the substratum must be greater
even in the embryonic cells of the higher than in those of the lower
forms in order to serve as a basis for the more rapid and greater
differentiation which the higher forms show. Whether the rate of
metabolism per unit of weight and under similar conditions of tem-
perature, etc., is lower in the higher than in the lower forms is not
at present known, but there is some evidence that it is, If increase
in physiological stability of the cellular substratum has occurred
during the course of evolution, it must have been an essential
factor in determining the increase in structural complexity which
is so characteristic a feature of evolution, and structural evolution
must then be regarded as in some degree an equilibration process,
a change from a less stable to a more stable condition.

The orderly sequence of the process of organic differentiation
and the constancy of the results in a given species must result from
certain definite characteristics of the organic individual. My
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cases of regeneration, it is assumed that they contain either some
of the undifferentiated germ plasm or those elements of the germ
plasm which are necessary for the formation of the new part. Such
assumptions are not only unsatisfactory because they cannot be
proved or disproved, but they are wholly unnecessary. We have
seen that the organism can not only accumulate structural material
of various kinds, but under other conditions can remove to a
greater or less extent the material previously accumulated. Since
reduction occurs in organisms, we must at least admit the possi-
bility of dedifferentiation. Consideration of the data of observa-
tion and experiment is postponed to later chapters:®® at present
only certain general features of the process need be considered.

In the case of self-differentiation (see pp. 50, 51) the gradual
changes in the substratum may be reversed in direction under
altered conditions; the gel may again become a sol. But the
synthesis of new colloid molecules and the formation of new sol,
on the one hand, and the gradual breakdown and elimination of
the old gel, on the other, is also possible. Apparently nuclear and
cell division are or may be factors in dedifferentiation. With the
occurrence of division the progressive changes in the cell, since the
preceding division, disappear more or less completely and the cell
returns to or approaches its original condition. An increase in
metabolic rate is also apparently associated with division.?* If
the changes in one direction balance those in the other, cells which
divide may remain indefinitely embryonic, like the vegetative tissues
of plants and the growing regions of certain animals. But if the
nucleus or cell does not divide, or if division does not bring the
cell back to its original condition, then a progressive change must
occur in the cell or from one cell generation to another, and this
change appears sooner or later as differentiation and may go so
far that the cell finally becomes incapable of division. Where
differentiation has been a correlative process, isolation of a part
from the influence of the correlative factors which have determined
the course of its differentiation may result, if the part is capable of
reacting to the altered conditions, in metabolic changes of such a

1 See particularly chap. v, and chap. x, pp. 245-47.

= See chap. vi, pp. 141—42, and also Lyon, 'o2, "o4; Spaulding, 'o4; Mathews, 'o6.
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accumulated as a structural component of the cell is now broken
down, oxidized, and eliminated, may bring about dedifferentiation,
but it is not necessarily a reversal of reaction in the chemical sense,
for the breakdown and elimination of the substance may be a
different process dependent upon different factors from its syn-
thesis out of nutritive substances.

In order then to avoid the possibility of confusion, it is prefer-
able to regard development, not as reversible, but as regressible.
Differentiation is a progression from one condition to another,
dedifferentiation a regression, but perhaps through stages very
different from the stages of progression.

Apparently not all differentiated cells are capable of dediffer-
entiation to the embryonic condition; at least dedifferentiation
fails to occur in many cases under any conditions with which we
are familiar. In general, less highly differentiated cells undergo
dedifferentiation more readily and more completely than more
highly differentiated; consequently dedifferentiation is much
more conspicuous in the lower than in the higher forms, although
even in man some cells are capable of more or less dedifferentiation.
This limitation of dedifferentiation, as well as the advance of differ-
entiation, in the course of individual development and evolution,
suggests again an increase in the physiological stability of the
cellular substratum.

Dedifferentiation may be brought about in cells capable of it
either by forcing the cell to use up its own substance as a source
of energy and so undergo reduction, as in starvation, or by isolating
the cell from the action of the correlative factors which have
brought about differentiation, and in some cases, and to a certain
degree, simply by increasing the rate of metabolism of the cell by
stimulation or otherwise. Reduction, except perhaps in embryonic
cells, is probably impossible without some degree of dedifferentia-
tion, but dedifferentiation may occur without reduction. Since the
differentiated cell has in general a low rate of metabolism as com-
pared with the embryonic cell, and since the decrease in rate is
associated with differentiation, we should expect that an increase
in rate would occur during dedifferentiation, and this, as will appear,
is apparently the case.
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CHAPTER III
THE PROBLEM AND METHODS OF INVESTIGATION
THE NATURE OF THE PROBLEM

Both morphological and physiological changes are involved in
the processes of senescence and rejuvenescence, and we may attack
the problems from either the morphological or the physiological
side. On the morphological side we may determine the changes
in physical properties, form, and structure of the substratum which
occur during senescence and rejuvenescence, and on the physio-
logical side we may investigate the changes in functional activity
and in metabolism.

Concerning the morphological changes associated with senes-
cence, particularly in the higher animals and man, we already
possess a considerable body of facts. As regards the physiological
changes, we know that in the higher animals and man the rate of
metabolism per unit of substance undergoes in general a decrease
with advancing age from very early stages onward, and that
sooner or later a decrease in functional activity and a general
deterioration of the organism occurs. Our knowledge concerning
the lower animals is less complete. We are familiar with the general
course of development and differentiation in most forms, but the
morphological differences between young and old adults have
received comparatively little attention. Of the physiological
aspect of senescence in the lower forms we have little positive
knowledge. We know that in most forms growth is more rapid
in earlier stages and that in many plants and animals the length
of life under the usual conditions is more or less definite, and in
some forms we can observe a decrease in functional activity with
advancing age. On the other hand, some organisms live and
remain active for an indefinite period and apparently do not grow
old. Few attempts have been made, however, to determine by
analytic investigation the significance of these various facts and to
‘find a common basis for them.
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young or old, not merely morphologically but physiologically. We
can of course distinguish embryonic, larval, and juvenile forms from
adults by their morphological characters, and in many cases by
their physiological characters as well, but it is not always easy to
distinguish younger and older individuals of the same general stage
of the life cycle. In the higher animals certain morphological
changes which are apparently characteristic of senescence have
been observed in some cells, but the morphological features of the
cells of different organisms are so different and the visible changes
so slight in many cases that, though it is usually possible to dis-
tinguish embryonic from definitely differentiated cells, it is very
often impossible to distinguish old and young individuals of the
same general stage by the morphological characters of their cells.
Measurements of the metabolism or of the rate of growth in man
and the mammals show that the rates of both per unit of weight
decrease as age advances, but the methods employed for such forms
are not readily applicable in many other cases, because of the con-
ditions of existence, the small size, the low rate of metabolism,
etc. In the course of my investigation of the process of reproduc-
tion in the lower invertebrates a method based on the physiological
resistance or susceptibility of the animals to certain conditions has
been developed, which has proved to be of great value in distin-
guishing physiologically young from old organisms as well as for
various other purposes.

SUSCEPTIBILITY IN RELATION TO RATE OF METABOLISM

It is a familiar fact that the susceptibility or physiological
resistance of man and the higher animals to various external factors,
and particularly to those which depress, changes with advancing
age, and I have found that this is also true for the lower animals, as
far as they have been tested. On the basis of this relation between
susceptibility and physiological age, it has been possible to develop
a method which not only enables us to distinguish differences in
age, but affords a means of comparing in a general way the rates
of the metabolic processes, or of certain fundamental metabolic
reactions in different animals. This method, which may be called
the susceptibility, physiological resistance, or survival-time method,
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and Loeb and Wasteneys have demonstrated that oxygen consump-
tion is greatly decreased in animals by cyanides, and it has also
been shown experimentally that the cyanides inhibit oxidations
and the action of oxidizing enzymes in various cases outside the
organism. To the hypothesis that the cyanides inhibit oxidations
in the organism the objection has been made that they affect, not
only aerobic or oxybiotic, but anaerobic animals as well, although
in the latter, oxidations requiring atmospheric oxygen do not occur.
In answer to this, it has been pointed out that even in anaerobic
forms oxidations occur, the oxygen being derived from substances
in the body instead of from the atmosphere.

The cyanides and other substances containing the cyanogen
radical, CN, are in general extremely powerful poisons, but their
action resembles in certain respects that of the substances known
as narcotics or anesthetics.

The characteristic physiological effect of all these substances is
a decrease or complete loss of irritability, which, however, is com-
pletely reversible up to a certain limit and so may be followed by
complete recovery. But the narcotics are like the cyanides poisons,
and if they act in sufficiently high concentration or for a sufficiently
long time they bring about changes of some sort which are not
reversible and which lead to death by retardation and final cessa-
tion of metabolism. Scientific investigation has thus far chiefly
concerned itself with the narcotic, i.e., the reversible, rather than
with the poisonous, irreversible, effects of these substances. Many
theories of narcosis* have been advanced, and most of them are
still in the field. Brief mention must be made of the more impor-
tant among these theories.

Verworn and his school have long maintained that narcotics
decrease the oxidation processes and the respiratory activity of the
protoplasm, and Verworn has recently suggested that the narcotics,
either by adsorption or by loose chemical combination, render the

* The following references include some of the more important literature bearing
upon the different theories of narcosis: Alexander and Cserna, '13; Bernard, '7s;
Dubois, 'o4; Haber, 'to; Kisch, '13; R. 5. Lillie, '12a, "12b, "138, '135, "14; Loeb
and Wasteneys, '13a, '13b; A. P. Mathews, '1o, '13; H. Meyer, ‘90, 'o1; Overton,

‘or; J. Traube, 'o4a, "o4b, '08, '10, '1r, '13, etc.; Verwomn, 'e3, '12, '13; Warburg,
*10a, *10b, '10c, "110, "1, 128, '12b, '13, ‘140, 14D, '14c; Winterstein, ‘oz, ‘05, '13, '14.
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with these authors that decrease in oxidation is an incident or a
result of narcosis which may or may not occur, and that the funda-
mental feature must be sought in some other change. As regards
some of these experiments, however, certain possible sources of
error exist and further investigation may alter the results. At
present it is difficult to conceive how narcosis can occur without
decrease in oxidation.

Arguing from the observed parallelism between the fat solu-
bility of various substances and their narcotic power, Meyer and
‘Overton advanced the theory that the cell membrane consisted
in at least a considerable part of lipoid or fatty substances and
that the action of the narcotics was determined by their solubility
in these substances. This theory has undergone development and
modification at the hands of later investigators, and the question
as to the nature of the narcotic action of the substances which
enter the cell by dissolving in the lipoids of the membrane has
received various answers. Some have held that the lipoids of the
membrane were responsible only for the entrance of the narcotics,
which once inside the cell acted chemically or otherwise. Others
believe that narcosis is the result of the changes in the lipoids of
the membrane produced by the narcotic substances. Warburg
considers the physical condition of the lipoids to be of great impor-
tance in connection with narcosis. According to Héber, narcosis
occurs when the narcotics have collected to a certain molecular
concentration in the cell lipoids, because the narcotics then inhibit
a change in colloid aggregate condition of the lipoids which is
characteristic of excitation. R. S. Lillie finds that narcotics de-
crease the permeability of the cell membrane or its ability to
undergo increase in permeability, and so decrease or inhibit the
increase in permeability which he believes to be the essential
feature of stimulation.

Some forty years ago Claude Bernard suggested that narcotics
brought about a partial reversible coagulation of the protoplasm
of the nerve cell. Later Dubois advanced the hypothesis that the
narcotics bring about loss of water from the protoplasm and so
decrease metabolic activity. Recently J. Traube has concluded
on the basis of extensive experimentation that the narcotic effect
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that the decrease in oxygen consumption may apparently differ
widely in different narcoses, and Alexander and Cserna have found
that not only is this true, but that the decrease in carbon-dioxide
production is not parallel to the decrease in oxidation in different
brain narcoses. In short, it is possible that the changes in the cell
which bring about narcosis may differ in character with different
narcotics and perhaps with different cellular conditions. Perhaps,
as so often in the history of biological theory, all the theories of
narcosis are more or less correct.

But, however the narcotic substances act upon the cell, there
can be no doubt that within a given species or organism a general
relation exists between metabolic condition and susceptibility to a
given narcotic. Differences in metabolic condition do not exist
independently of differences in condition of the colloid substratum,
and whether the narcotic affects primarily the substratum or cer-
tain of the chemical reactions, the susceptibility of the organism
or part to its action must differ as the conditions which determine
or are associated with metabolic activity differ.

Narcosis is only one stage in the action of the narcotic sub-
stances. When they are present in sufficiently high concentration
or act for a sufficiently long time, they bring about changes which
are not reversible and which finally end in death by making the
continuation of metabolism impossible. The wide range of varia-
tion observed in some cases between narcotic and killing concen-
trations, both with different narcotics and with the same narcotic
at different stages of development (Vernon, '13), indicates that
the reversible changes involved in pure narcosis are different in
some way from those which result in death. With the killing con-
centrations the relation between susceptibility and metabolic con-
dition is more distinct and uniform than with the lower, purely
narcotic concentrations, where incidental factors may sometimes
mask or reverse the fundamental relation (see pp. 75-76). With
the cyanides, however, where narcotic and killing concentrations
do not differ very greatly, this relation appears more distinctly
and uniformly than with any other agents thus far used.

It cannot of course be maintained that the susceptibility to
cyanides or other narcotics of an organism or part at a given moment
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the organism which are associated with metabolic activity. Thus
the metabolic condition of different individuals or parts may also be
compared by means of this indirect or acclimation method.

These differences in susceptibility to narcotics, particularly
those determined directly with relatively high concentrations,
afford, when properly controlled, a very delicate method for com-
paring general metabolic rates in different individuals and parts,
at least in many of the lower animals. In a recent paper (Child,
’13a) the technique of the method for flatworms and similar forms,
its different modifications and its limitations have been considered
at length. As regards the relation between susceptibility or resist-
ance to cyanide and rate of metabolism, it was shown in that
paper that susceptibility is altered by motor activity, that the
temperature coefficient of susceptibility is of the same order of
magnitude as that of most chemical reactions, and that differences
in carbon-dioxide production correspond to differences in suscepti-
bility.

The estimations of carbon-dioxide production were made by Dr.
S. Tashiro with the “biometer” devised and recently described by
him (Tashiro, '13b). The sensitiveness and great value of this
apparatus are shown by the fact that Tashiro has been able to
demonstrate the production of carbon dioxide in the resting nerve,
its increase by stimulation, and its decrease by narcotics, and has
also shown that living seeds resemble the nerve in most respects as
regards irritability (Tashiro, '13¢). In the comparison between the
results of the susceptibility method and the carbon-dioxide produc-
tion the flatworm Planaria dorotocephala (see Fig. 6, p. 93) was
used in most cases. The susceptibility method shows that the rate
of metabolism is higher in young than in old animals, in starved
than in fed, and in animals stimulated to movement than in resting
animals. In distilled water the rate of metabolism as measured by
the susceptibility method is higher and in 5 per cent sea-water lower
than in tap-water. In piecesisolated by cutting, the rate of metab-
olism is higher in long anterior pieces than in posterior pieces of
the same length (cf. Child, '145). In each of these cases the animal
or piece which possessed the higher rate of metabolism according
to the susceptibility method produced more carbon dioxide than
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of worms in each lot compared, and each horizontal interval repre-
sents one day. Each point of the curve represents the percentages
of worms intact at a given time during the experiment. Each
curve is plotted from fifty worms and from examinations two days
apart. The curve ab shows the survival time of old, large indi-
viduals, the curve ae, that of fifty younger individuals of medium
size.

It will be noted that the relation between survival time and rate

of metabolism is the opposite of that observed by the direct method.
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Fi6. 4.—Planaria dorotocephala: death curves of young and old animalsin 1. 5 per
cent alcohol; ab, curve of fifty old worms; ae, curve of fifty young worms.

Here the younger animals with the higher rate live much longer
than the older with the lower rate. It is also evident that the rela-
tion between surface and volume in animals of different size plays
no part in the result, for the smaller animals live longer than the
larger. The results obtained with cyanide and other depressing
agents, and even with low temperatures, are essentially the same.
The difference in the ability of the animals to become acclimated
to low concentrations of depressing agents is apparent, not merely
in the length of life, but in the motor activity. The primary effect
of the depressing agent is greater upon the young than upon the
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We are accustomed, and experience justifies the custom, to
measure age in man and the higher vertebrates by the time elapsed
since birth. We say that the individual is a certain number of
years old, and from the age in years we can reach fairly definite
conclusions as to physiological condition, i.e., physiological age.
In many of the lower forms, however, senescence does not neces-
sarily proceed at an approximately definite rate. In such organisms
the time elapsed since the beginning of development does not afford
any measure of the physiological age attained, for, as the following
chapters will show, the organism has not necessarily continued to
grow old during all of that time. Thus it is possible that among
members of the same brood, beginning development at the same
time, some may attain a much greater physiological age in a given
length of time than others. In short, we cannot measure age in
all organisms in terms of time.

And, finally, we may attempt to modify the processes of senes-
cence and rejuvenescence and so to gain further insight into their
nature. The influence of external conditions and of quantity
and quality of nutrition may be determined. We may expect to
find that factors which influence the fundamental metabolic pro-
cesses or the structural substratum will affect the course or char-
acter of senescence and rejuvenescence in one way or another if
their action continues for a sufficiently long time. In many of
the lower forms reproduction may be induced experimentally by
the isolation of pieces of the body, which undergo a reorganization
into complete new individuals. These experimental reproductions,
wherever they can be induced to occur, affect the course of senes-
cence and as a matter of fact bring about a greater or less degree
of rejuvenescence. The problem is then accessible to analytic
investigation in the lower forms, and the results of such investiga-
tion afford a firm foundation for the interpretation of the phe-
nomena of senescence and rejuvenescence in the higher organisms,
where they are less accessible to experimental methods.
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AGE DIFFERENCES IN SUSCEPTIBILITY 03

The general plan of internal structure of
other related species is much the same, but
they differ in shape and general appearance.
Planaria maculata (Fig. 7) does not attain as
large a size as P. dorolocephala and is less
active. The head differs in shape from that
of P. dorotocephala and the pigment is dis-
tributed in large spots. P. velata (Fig. 8) is
more slender, somewhat less flattened, and
without the pointed cephalic lobes. The
younger worms are almost black, but become
light gray with advancing age.

Various other flatworms, protozoa, the
fresh-water hydra, and several marine
hydroids have been used in comparative ex-
periments.

AGE DIFFERENCES IN SUSCEPTIBILITY IN
Planaria maculata

Animals of this species kept in the labora-
tory and fed become sexually mature and
deposit egg capsules containing fertilized
eggs, and from these capsules the young
worms emerge in about four weeks at
ordinary temperatures. When first hatched
the young worms possess the form of the
adult, but are only about two millimeters in
length, while in my stock the old, sexually
mature worms, which were laying eggs, were
about twelve millimeters long.

Fig. g shows the susceptibility curves (see
pp. 80-82) of young and old animals of
this species to potassium cyanide, o.oor mol.
The curve ab gives the susceptibility for ten
newly hatched worms, the curve cd, that
for ten full-grown sexually mature worms
about twelve millimeters in length. The
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Fic. 6—Planaria
doroloce phala: m, mouth;
pk, pharynx; o, alimen-
tary tract; ss, NErvous
system.














































































THE RECONSTITUTION OF ISOLATED PIECES 110

including the old head. In such pieces the old head remains from
one generation to another and new tissue appears only at the
posterior end; consequently the amount of reorganization is less
than in pieces which form a new head or in pieces from the posterior
region of the body. Moreover, the head-region is less capable of
reorganization than other parts of the body. If a progressive
senescence occurs from generation to generation in spite of recon-
stitution in each generation, it should become more distinct or
appear earlier in such pieces than in those where the reconstitu-
tional changes are more extensive,

In the course of a year and a half the animals passed through
thirteen experimental generations without any indications of
senescence or depression of any sort. During the growth of the
thirteenth generation, however, most of the stock was killed by
high temperature and the remaining animals never regained good
condition, but died in the course of the next few generations. The
worms that remained alive in each generation grew more or less
normally, and the breeding was continued with these. In the six-
teenth generation only eight worms remained alive, and in order to
determine whether more extensive reconstitutional change would
bring the animals back to their original condition, the old heads
were removed and each animal was cut into several pieces. Some of
these pieces produced complete animals, but deaths continued to
occur among these, and some of the pieces died without reconstitu-
tion. The living animals were again cut into pieces after growth,
and this was repeated to the nineteenth generation in which the
last of the stock died without recovery.

In another stock pieces from the middle region of the body were
used for each generation. In the fifth generation this stock was
subjected to high temperature at the same time as the preceding,
and most of the animals died. Those that remained alive gradually
died during the following generations, until in the tenth genera-
tion all were dead.

The results of these two breeding experiments are of value only
as far as they go. The first does show, however, that the animals
can be bred by experimental reproduction without loss of vigor
for at least thirteen generations, even when the old head is
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far advanced and the rate of metabolism is very low. Posterior
zooids are not distinctly marked off dynamically, as in P. doroto-
cephala, but the portions which separate are merely small bits of
the body at the posterior end which, as the animal becomes pro-
gressively weaker, finally cease to be controlled and co-ordinated
with other parts by the dominant head-region, and so, sooner or
later, react independently and are torn off. In some cases the
animal may leave a trail of such fragments behind it as it creeps
slowly along. The stimulation resulting from the rupture of the
tissues leads to the secretion of slime on the surface of the separated
pieces, and this slime hardens and forms a cyst within which the
pieces gradually undergo reconstitution to whole animals of small
size which sooner or later emerge.

Fragmentation may continue until only the head and a short
piece of the body two or three millimeters in length remain, or it
may be confined to the posterior third or half of the body. After
fragmentation is completed, the anterior piece, whether large or
small, may encyst, or it may remain more or less active and grad-
ually undergo reduction in size in consequence of starvation.
Finally, after considerable reduction has occurred, it develops a
new pharynx and mouth and a new posterior end, and begins to
feed and grow again. Cases of this sort will be considered in
chap. vil.

The encysted fragments do not withstand complete desiccation,
but the bottoms of the ditches and pools in which they live retain
sufficient moisture to keep them alive. In the autumn the ditches
do not usually fill again before cold weather, although they may do
so, in which case the worms may emerge from the cysts at that
time, but their growth is soon stopped by low temperature. Com-
monly, however, they appear only in spring, as soon as the ditches
thaw out. This cycle is repeated year after year, and thus far
neither sexually mature animals nor animals with any part of the
sexual ducts or copulatory organs have ever been found, though
ovaries and testes in early stages of development may sometimes
be present.

In the laboratory the animals may pass through the whole life
cycle in two or three months, for the encysted I:agments when
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Paramecium, the original mouth becomes, with more or less reorgani-
zation, the mouth of the posterior daughter individual and a new
mouth arises in the anterior individual, while in Stenfor the original
mouth and peristome remain as a part of the anterior individual
and the new peristome is that of the posterior individual. And,
finally, extensive developmental changes occur in the cytoplasm
before any visible nuclear changes. Evidently the process is more
than ordinary cell division. It is in fact an agamic reproduction
comparable to this form of reproduction in the multicellular forms,
and as such it exhibits characteristic features for each species and
involves much more extensive reconstitutional changes than cell
division.

The data presented in chap. v and in the preceding sections of
the present chapter demonstrate that in at least many of the meta-
zoa a relation exists between reconstitution and rejuvenescence.
That being the case, the extensive reconstitutional changes involved
in fission in the ciliates make it at least probable that fission brings
about a greater or less degree of rejuvenescence. With this idea
in mind, the attempt has been made to determine whether appre-
ciable changes in susceptibility occur in connection with fission in
the ciliates. The forms tested thus far are Paramecium, Stentor
coeruleus, a small form of Colpidium, and Urocentrum turbo, and the
results are essentially the same for all. The tests were made upon
actively dividing cultures reared from sterile infusions inoculated
with a few individuals. The rearing of pure line cultures was not
attempted, because definite results were obtained without this
procedure.

In the early stages of fission no appreciable increase in suscepti-
bility to cyanide has been observed. If any exists, it is not suffi-
ciently great to appear clearly in comparison with individual
differences in susceptibility. In pure line cultures some increase
in susceptibility in the earlier stages of fission might perhaps be
demonstrated. In the later stages of fission, however, when the
two daughter individuals are approaching separation and the recon-
stitutional changes are advanced, the susceptibility is distinctly
greater than in the single animals of approximately the same size
as the two members of the pair together. The possibility that the
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These changes, however, are apparently not the only factors
concerned in preventing progressive race senescence. In a recent
paper Woodruff and Erdmann (’14) have described periodic changes
of another sort which they call “endomixis” and which they believe
to be the essential factors in preventing race senescence. These
changes consist in the gradual fragmentation, degeneration, and
disappearance of the meganucleus, at least two divisions of the
micronuclei, degeneration of some of the micronuclei thus produced,
and the formation of new meganuclei from others. This process
of endomixis resembles the nuclear changes in conjugation, except
that the third micronuclear division of conjugation which gives
rise to the migratory and stationary micronuclei apparently does not
occur here, and there is no union of micronuclei at any time. Wood-
ruff and Erdmann point out that endomixis is in certain respects
similar to parthenogenesis, but not directly comparable with the
usual forms of it. The occurrence of rhythms of growth and rate
of division in protozoan cultures has been recognized by Calkins,
Woodruff, and various other investigators. Periods of more rapid
and less rapid growth and division alternate more or less regularly
in the history of cultures. Woodruff and Erdmann find that the
process of endomixis which extends over some nine cell generations
is coincident with the period of lowest rate of growth and division
in the rhythms, that at the climax of the process division is greatly
delayed, and that with the beginning of differentiation of the new
meganuclei recovery is rapid. They conclude that a causal rela-
tion exists between the reorganization process and the rhythms.

This process of endomixis occurs in different races of Paramecium
aurelie and in P. caudatum also, and probably in other ciliate
infusoria. Many of the observations of earlier authors on degenera-
tive changes and abnormal nuclear conditions undoubtedly concern
stages of endomixis.

‘While further investigation is necessary to determine how gen-
erally this process occurs and to what extent its occurrence may be
experimentally controlled, it is evident that the rhythms and the
process of endomixis represent a senescence-rejuvenescence period,
and we must inquire what factors are primarily or chiefly concerned
in this periodicity. I believe that we must look to the meganucleus
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plasmic than nuclear. That the age cycle of certain flatworms may
be altered to a very considerable extent by experimental nutritive
and other conditions will be shown in chap. vii. Moreover, the
different behavior of different races as regards conjugation® suggests
that internal as well as external factors will be found to play a part
in determining the periodicity.

But whatever the differences resulting from race or environ-
mental conditions, the occurrence in the ciliates of some degree of
senescence in each generation and some degree of rejuvenescence
in each agamic reproduction and the occurrence of progressive
senescence in the meganucleus ending in its death and replacement
by a new, young organ demonstrate that these unicellular animals
are not fundamentally different from multicellular forms. They
are not, as Weismann (’82) believed, immortal because they do not
grow old, but simply as other organisms are, because they repro-
duce and undergo reconstitution during reproduction and because
old organs die and are replaced by young.

AGAMIC REPRODUCTION AND REJUVENESCENCE IN COELENTERATES

Among the coelenterates only the fresh-water hydra and one
species of the colonial hydroids have been tested by the suscepti-
bility method. In hydra agamic reproduction is a process of
budding. In Hydra fusca the bud arises near the junction of the
thicker body with the more slender stalk, and in its earlier stages is
merely a rounded outgrowth including both ectodermal and ento-
dermal layers of the body-wall (Fig. 48). Cell division and growth
occur rapidly in it, it elongates, and in the course of a few days
tentacles and a mouth begin to develop at its distal end (Fig. 40).
Meanwhile the region of attachment to the parent body gradually
undergoes constriction, until finally the new, small animal separates
from the parent, falls to the bottom, attaches itself, and begins
to lead an active life. In this process a portion of the body-wall of
the parent has undergone reconstitution into a new, independent
individual.

A comparison of the susceptibility to cyanide of small animals
newly developed in this way with the larger parent shows that the

* Jennings, "10, '13; Calkins and Gregory, '13.
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including both layers of the body-wall, as in hydra, and in its earlier
stages is rounded in form and inclosed in the chitinous perisarc
which covers the stem. As development proceeds, it emerges from
the perisarc, undergoes elongation, and the tentacles begin to appear,
as indicated in Fig. 51. A later stage of development is shown in
Fig. 52, a fully developed hydranth in Fig. 50, ', and an old
hydranth bearing a medusa bud, m, in Fig. 50, #. The agamic
production of hydranths in this form is then a reconstitution of a
portion of the stem into a new hydranth.

As regards the susceptibility of the different stages, both motor
activity, as in hydra, and the presence of the chitinous perisarc
contribute to obscure the changes in susceptibility associated with
the reconstitution of stem into hydranth. The susceptibility of
the early stages of hydranth development, such as & in Fig. 50,
cannot be compared directly with that of stages like Figs. 51 and
52, because these early stages are inclosed like the stem in the
chitinous perisarc, while in the later stages the hydranth is naked.
Neither are these early stages directly comparable with such stages
as Fig. 50, & or /', for in the former motor activity is absent, while
in the latter it is fully developed. It is possible, however, to com-
pare the susceptibility of such a stage as Fig. 50, /", with that of
adjoining regions of the stem, for both are inclosed in perisarc, and
a comparison of this sort shows that the early bud is in general
distinctly more susceptible, i.e., it possesses a higher rate of metab-
olism and is physiologically younger than the stem adjoining it.
But in this case, as in hydra, the increase in rate connected with
the formation of a new individual is less than it would be if the
region were physiologically isolated and underwent development
at the expense of its own tissues rather than of nutritive material.
As it is, the bud has abundant food and grows during development,
while the isolated piece undergoes reduction.

In the later stages of development the perisarc no longer enters
as a factor, but differences in motor activity still exist between
different stages. At the stage shown in Fig. 51 motor activity is
absent or inappreciable, but the susceptibility of this stage is
nevertheless usually somewhat greater than that of an old hydranth,
like % in Fig. 50, and less than that of a younger hydranth, like
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the third about 50 per cent. Similarly, in the much smaller worms
of Table IV the average decrease in length during the first month
is 30 per cent, and during the second, 50 per cent. In these cases
the measurements for each month were made on different lots of
worms from the same stock. Doubtless a continuous series of
measurements of the same individuals would bring out the differ-
ences in rate of decrease still more clearly. When the animals are
not kept entirely without food the rate of reduction does not in-
crease, but may even decrease in later stages, for the smaller the
animals, the more completely does a small amount of food retard
or inhibit reduction. This increase in rate of reduction during
starvation confirms the observations on susceptibility and on
carbon-dioxide production, for it indicates that the rate of meta-
bolic processes increases as reduction proceeds.

In this connection the study by Mayer ('14) of loss of weight
in a jelly-fish, Cassiopea, is of interest. From his data Mayer con-
cludes that the relative loss of weight for each day or other period
is in general the same throughout the course of starvation. More-
over, the nitrogen-content and water-content of the body do not
show any change in relation to starvation. At first glance it
appears that the course of starvation in this medusa differs from
that in Planaria. While the metabolic condition of the animals
during starvation has not been determined, the constancy in the
percentage of loss of weight indicates that the metabolic rate does
not increase as starvation and reduction proceed. As a matter of
fact, however, Mayer’s data, and particularly the curves of loss
of weight, show that in most cases the loss of weight in uninjured
animals during the first two or three weeks of starvation is slightly
less than the calculated loss according to the formula which Maver
has adopted, while during the later period of starvation the observed
loss of weight equals or in many cases exceeds the calculated loss.
In mutilated animals, which are undergoing regeneration as well
as starvation, the observed loss of weight during the earlier stages
of starvation is in most cases more rapid than the calculated loss,
but the two coincide more nearly in later stages.

It is probable then that Mayer’s law of loss of weight is only an

approximation based on averages, and that some slight increase
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completely acclimated to cyanide or alcohol, low temperature,
etc., than old, and acclimation occurs more readily at higher than
at lower temperatures (Child, '11). In the low concentrations of
reagents used in the acclimation susceptibility method (pp. 82-84),
starved animals show very little capacity for acclimation as
compared with well-fed animals of the same size: in most cases even
less than large, old animals. In my earlier studies of suscepti-
bility only this acclimation method was used, and since in general
the capacity for acclimation had been found to vary with the rate
of metabolism, the very slight capacity of starved animals for
acclimation was regarded as indicating that their rate of metab-
olism was low. But the results obtained in later investigation
by the direct susceptibility method which have been briefly pre-
sented above, and the confirmation of these by the estimations of
carbon-dioxide production, force us to the conclusion that the
rate of metabolism increases during starvation. This being the
case, the decrease in capacity for acclimation in starved animals
cannot be due to a low rate of metabolism, but must be associated
with the nutritive condition in some way independent of meta-
bolic rate (Child, '14). When feeding is begun after a long period
of starvation, the capacity for acclimation rises almost at once
(Child, '11) and continues to increase as feeding continues and
growth replaces reduction.

Since the nature of the process of acclimation is at present
unknown, this relation between nutritive condition and capacity
for acclimation cannot at present be analyzed, but must simply
be recorded as a fact. But whether acclimation results primarily
from a change in the metabolic substratum, or in the character
and relation of the metabolic reactions, the fact that the individual
with a supply of nutritive material from external sources has a
greater capacity for acclimation than the starving animal which
is undergoing reduction is at least suggestive, as indicating the
greater possibility of change under changed external conditions
in the well-fed animal.

Whatever may be the nature of the relation between nutrition
and capacity for acclimation, the facts demonstrate that, although
the starved, reduced animals are practically identical with young,
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In these experiments with partial feeding the susceptibility
does not of course remain the same at all times. Each feeding is
followed by a distinct decrease in susceptibility, and later, as the
animals begin to starve, the susceptibility increases again. Thus
the life of such animals actually consists of alternating periods of
senescence and rejuvenescence. But if the intervals between
feedings are sufficient, the changes in the two opposite directions
balance each other and the mean physiological condition remains
the same.

THE CHARACTER OF NUTRITION IN RELATION TO THE AGE CYCLE

Up to the present time the problem of the relation between the
character of nutrition and the life cycle has received comparatively
little attention, although it is evident from the results already
obtained that an interesting and important field of investigation
is open here. In the attempt to find a suitable food for the breeding
of Planaria velata in the laboratory it was soon observed that the
size attained before the animals ceased to feed, the character of
fragmentation, and even its occurrence and the physiological con-
dition of the small animals which develop from the encysted frag-
ments, were all dependent to some extent upon the character of
nutrition. In these experiments the food did not in all cases con-
sist of single tissues or organs, so that it is not possible to correlate
the effects produced with the characteristics of particular tissues
and still less with particular chemical constitution. There is no
doubt, however, that this species constitutes favorable material
for nutrition experiments of this kind, such, for example, as Guder-
natsch ("12, '14) and Romeis (’13, "14) have carried out on the tad-
pole, using various tissues and organs, including thyroid, thymus,
adrenals, etc., as nutritive material.

Only certain important points in the feeding experiments on
P. velata need be mentioned here. When the animals are fed beef
liver the life cycle approaches more closely to that of animals in
nature than with any other food thus far used, but cessation of
feeding and fragmentation occur at a smaller size than in nature.
The liver-fed animals also differ from animals in nature in not
losing their pigment before fragmentation and in encysting rather
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ently too far advanced in senescence to recover, and undergoes
complete death and disintegration or gradual degeneration and
resorption. That it serves as a source of nutrition for the portion
which remains active is indicated by the fact that the reduction
in size of this portion is much less rapid than in starving normal
animals. Nevertheless, it is evident that the supply of food
in the involution mass is not adequate to prevent the occurrence of
reduction sooner or later, and since the animal during resorption
of the posterior region is without pharynx or mouth, it cannot take
food in the usual way; consequently as the source of supply in the
involution mass gradually fails, the anterior region gradually
starves and undergoes reduction. But when a certain stage of
reduction is reached, the new posterior end and pharynx develop
at the expense of other regions, and the process of rejuvenescence
is completed. In these cases, then, senescence leads to death in
certain parts of the body while other parts remain alive and undergo
rejuvenescence by starvation, reduction, and reconstitution.

The question of the conditions concerned in the localization of
death in the posterior region of the body requires some considera-
tion. The facts indicate that fragmentation is usually inhibited
by certain internal conditions and that, as the rate of metabolism
decreases during senescence, the lower limit for the continued
existence of differentiated structure is finally reached and passed
in the posterior region, and the processes of involution or disinte-
gration begin. The earthworm diet has been repeatedly used with
animals of different stocks and the results are always essentially
the same. Continued feeding in successive generations of the same
stock has not thus far brought about any further changes, and the
animals which do not die show no indications of progressive senes-
cence in successive generations.

Another diet used consists of the bodies of fresh-water mussels.
The portions used for food are chiefly the reproductive organs and
the digestive gland, and the animals apparently eat chiefly the
reproductive cells.

In the first generation the effect of this diet is to decrease the
frequency of fragmentation. In most animals the involution of
the posterior region occurs, as in Figs. 58-61, but very commonly
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This cycle of changes, which may occur within a few hours and
which may be repeated in a single cell, is, I believe, not funda-
mentally different from the age cycle in organisms. All the essen-
tial features of both senescence and rejuvenescence up to a certain

Fics. 66, 67.—Pancreas cells of toad: Fig. 66, fully loaded and almost quiescent;
Fig. 67, partially discharged after stimulation. From preparations loaned by R. R.
Bensley.

point are present. The cell probably does not return to the em-
bryonic condition at any point in the cycle, but it certainly does
undergo changes similar in character to those of the age cycle,
though their period is short. At the same time the gland cell
may be undergoing senescence in the stricter sense, that is, more
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region adjoining the wound determines the origin and direction of
a new gradient and so the axis of a new individual. In many
cases also the origin and direction of the new gradient may be
controlled and determined experimentally in other ways. Undoubt-
edly, after it is once established a gradient may often persist from
one individual to another through the process of reproduction,
but there are no adequate grounds for believing that such gradients
are fundamental properties of protoplasm, although, on the other
hand, it is probable that no cell or cell mass can exist for any
great length of time in any natural environment without acquir-
ing, at least temporarily, one or more gradients, because external
conditions at different points of its surface can never remain uni-
form. In general it may be said that the axial gradients of an
organism are either the parental gradients persisting in the organ-
ism, as in many cases of fission, or that they are produced de novo
by conditions which determine different rates of metabolism in
different parts of the cell or cell mass at some stage of its existence.

The essential feature in the establishment of a gradient in meta-
bolic rate in living protoplasm is the establishment of the region
of highest rate. If such a region is established in an undiffer-
entiated cell or cell mass, a more or less definite gradient in rate,
extending to a greater or less distance from this region, arises
because the changes in the primary region spread or are trans-
mitted, but with a decrement in intensity or energy, so that at a
greater or less distance they become inappreciable. In this way
the region of highest rate becomes the chief factor in determining
the rate of other regions, and since the rate thus determined is
higher in regions nearer to it and lower in those farther away, a
gradient in rate results. In its simplest form, then, the gradient
may arise merely from the spreading or transmission of metabolic
changes from the region of highest rate.

If metabolic gradients are characteristic features of the axes in
living organisms, the question at once arises whether the axis in
its simplest terms is anything more than such a gradient. In other
words, are not physiological and morphological polarity and
symmetry primarily the expression of gradients in rate of metab-
olism? At present it can only be said in answer to this question
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characteristic structure of a posterior end. Under certain conditions
short pieces give rise to biaxial posterior ends, as in Fig. 93. Morgan
('o4) has also described biaxial posterior ends from Planaria sim-
plicissima. But when such pieces give rise to a head, even though
it is of the rudimentary, anophthalmic type of Fig. 92, a new pharynx
and mouth arise and the anterior region becomes structurally and
functionally a prepharyngeal region, as the change in the intestinal
branches in Fig. 92 indicates. In some way all the changes in the
piece which concern the development of parts anterior to its own
level are dependent upon the presence of a head, or, more correctly,
of a head-forming region.

It has also been shown (Child, '13a, '145, '14¢) that the develop-
ment of a head on a piece of the planarian body is not the replace-
ment of a missing part under the influence of other parts of the
piece, but that head formation takes place, if it takes place at all,
in spite of the remainder of the piece. The more vigorous the
other regions of the piece, i.e., the higher their rate of metabolism,
the less likely is the piece to give rise to a new head, and vice versa.
On the other hand, the higher the rate in a piece, the more likely it
is to produce a posterior end. In short, the development of a new
individual from such pieces of Planaria is essentially the same pro-
cess as the development of an individual from the egg. It begins
with the formation of a head, and the head-region in some way
determines the reconstitution of certain parts of the piece into
more anterior parts, while other parts persist with more or less
change in size and proportion as corresponding parts of the new
animal. In the absence of a head-region any level of the body
controls and determines the development of all more posterior
levels. Much evidence, largely as yet unpublished, indicates that
similar relations exist in other forms where the development of whole
animals from headless pieces occurs.

These facts force us to the conclusion that in such experimental
reproductions there is a relation of dominance and subordination
of parts. The apical or head-region develops independently of
other parts but controls or dominates their development, and in
general any level of the body dominates more posterior or basal
levels and is dominated by more anterior or apical levels,
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morphological characters themselves. As a matter of fact we
know that even in relatively simple chemical reactions quantitative
differences may very often give rise to qualitatively different results.
And when we recognize the very great complexity of metabolism in
even the simplest organism, we cannot but admit that there must
be many possibilities in the metabolic complex for the origin of
qualitative differences in characters, organs, etc., from quantitative
differences in metabolism. Manifestly, quality and quantity in
organisms are not and cannot at present be clearly distinguished.
That qualitative differences in the chemical constitution and
metabolism of different organs exist is evident, but there is at
present no valid evidence that such differences cannot be reduced
to a quantitative basis.

DEGREES OF INDIVIDUATION

If the organic individual consists fundamentally of one or more
gradients in rate of metabolism with a relation of dominance and
subordination between regions of higher and those of lower rate, it
is at once apparent that the degree of integration of such an
individual into a physiological unit, the degree of physiological
coherence and of orderly behavior, must vary widely with various
factors of its constitution. Since it will often be necessary in follow-
ing chapters to call attention to differences in the degree of indi-
viduation, some of these factors must be briefly considered here.

The efficiency of conduction is a most important factor in
individuation. In the lower organisms and in the embryonic
stages of even the higher animals where the decrement in conduc-
tion is great, the degree of individuation is much lower than in
those forms or stages which possess a well-developed nervous sys-
tem, where the decrement is much less or almost inappreciable. In
the lower forms and in embryonic stages a higher metabolic rate is
necessary for permanent individuation; in other words, in order to
become or remain dominant, a given level must have a higher rate
of metabolism in relation to other levels than when a nervous system
is present.

Another factor in individuation is the physiological stability
of the structural substratum. The greater the stability of the






INDIVIDUATION AND REPRODUCTION 220

isolated parts are capable of reacting to the change, first, in a loss
of their characteristics as parts, and, secondly, if conditions permit,
in a new individuation which may bring about the development of
a complete new individual from the isolated part. In short the
isolation of a subordinate part from the influence of the dominant
part is a necessary condition for reproduction. In experiment
pieces are physically isolated from the body of the animal by section,
and in the lower simpler forms reproduction follows such isolation,
and the piece becomes a new whole, or at least undergoes changes in
that direction.

There are certain features of the simpler reproductive processes
in nature which suggest that in these cases, as in the experimental
reproduction of artificially isolated pieces, an isolation from the
influence of the dominant part is the essential condition for repro-
duction. In many forms, both plants and animals, growth beyond
a certain length or size, which is dependent upon rate of metabolism,
degree of differentiation, etc., results in the transformation of that
portion of the individual most distant from the dominant part into
a new individual. The case of Tubularia mentioned above (Fig. o4,
p. 220) is a good illustration, and in many plants similar vegetative
reproductions occur. It is impossible to doubt that in such cases
growth to a certain size brings the region in question into a condi-
tion where it is able to behave as if it were physically isolated,
like a piece cut from the body.

It is also a fact, however, that reproduction may occur in conse-
quence of the weakening or removal of the dominant part and with-
out any preceding increase in size of the individual. Such cases
are very common among the plants, where the removal or inhibition
of metabolism of the growing tip of the main axis or stem is fol-
lowed by development of a new axis from a lateral branch or bud.
Very commonly also the removal of all growing tips is followed by
the development of “adventitious’ growing tips, which often arise
from differentiated cells by a process of dedifferentiation and growth.
Among the lower animals similar cases occur. Increase in size is
not then a necessary condition for reproduction. Decrease in rate
of metabolism or inhibition of metabolism in the dominant region
may bring about reproduction as readily as growth.
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ability to go through a new course of development and differentia-
tion, indicates very clearly that they have become physiologically
younger, and, though I know of no observations bearing directly
upon this point, no one can doubt that when a differentiated cell
dedifferentiates into a growing tip an increase in rate of respiration
and other metabolic processes occurs.

THE RELATION OF THE DIFFERENT FORMS OF AGAMIC REPRODUCTION
IN PLANTS TO THE AGE CYCLE

Most plants exhibit more than one form of agamic reproduction,
and in some species, e.g., certain mosses, several different forms
occur. But two forms of agamic reproduction are particularly
characteristic of nearly all plant species, one the vegetative form
of reproduction, often called vegetative growth, in which new vege-
tative individuals essentially similar to the old arise by the forma-
tion of buds, branches, ete.; the other the process of spore formation,
which usually occurs only in certain regions of the plant body and
after a period of vegetative growth. In some cases, as in the rusts,
four or five different kinds of spores are produced by a single species.
The spore is in general a cell which becomes isolated from the
plant body and sooner or later gives rise to a new individual. In
some cases this isolation is physiological, in others it is physical.
In the algae and fungi, which must be considered before turning to
the higher plants, the spores usually develop into individuals like
those from which they arose, and the spore may be either a resting
or a motile stage between two vegetative generations. Spore for-
mation in these plants is essentially a process of complete or partial
disintegration of existing individuals into cells, rather than the
addition of new individuals as the result of growth, as in vegetative
reproduction under the usual conditions. In the alga Ulothrix, for
example, any cell of the filamentous, unbranched plant body may
break up into zobspores (Figs. 102, 103); in the branching form
Vaucheria the terminal region of the branch separates as a multi-
nucleate zodspore (Fig. 104). Among the brown algae the spores
arise by separation into single small cells of the contents of special
organs, the sporangia (Fig. 105). In the fungus Saprolegnia (Fig.
106) the sporangium is the terminal region of the vegetative body,
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the one hand, of the separation and breakdown of certain constit-
uent chemical groups, which are less firmly attached to the mole-
cule or less stable than other parts which remain as a more stable
nucleus, and, on the other, of the replacement of the lost parts of
the molecule from nutritive substances. In actual protoplasmic
growth, however, the whole molecule, including the more as well
as the less stable portions, must be built up out of the Bausteine, or
in some other way. Consequently some proteins whose constituent
substances can supply the losses due to tissue breakdown may not
contain in sufficient quantity or not at all certain components
necessary for the building up of new molecules, but under excep-
tional conditions, as in the gestation period in Osborne and Mendel’s
rats, the organism may be able to synthesize these molecules in
other ways. The general relation between the rate of growth and
the rate of metabolism suggests that the synthesis of the more
stable molecules or molecular groups occurs more readily with a
high than with a low rate of metabolic reaction, and this suggestion
is also in accord with the fact that growth, morphogenesis, and
differentiation occur chiefly in the earlier stages of the life history.

The rats fed on gliadin with maintenance of weight but little or
no growth retain their capacity for growth for at least several
months and, when placed on a mixed diet, or one containing ade-
quate proteins, resume growth at the normal rate. But the experi-
ments do not as yet show whether they will retain indefinitely the
capacity for growth. Besides remaining young as regards growth
capacity, these animals also retain the general appearance of
growing animals of the same size. Apparently, progressive develop-
ment and with it senescence have been inhibited or greatly retarded.
Nevertheless, after long periods of such feeding the nervous system
shows the water-content characteristic of old animals and the pos-
sibility cannot be ignored that, even in the absence of growth,
progressive changes in the direction of greater stability of the
protoplasmic substratum may have occurred.

The results of experiments on mammals with a diet which is
adequate qualitatively, but sufficient in quantity only for main-
tenance and not for growth, are quite different from those of
Osborne and Mendel. Waters ('o8, ’og) found that underfed
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are commonly known as senile atrophy." They consist essentially
of a decrease in size, with more or less degeneration of cells, These
changes are often so extensive and so widely distributed that there
is considerable decrease in size and weight of the body as a whole.

The atrophy may involve to a greater or less extent most or all
of the more highly specialized organs of the body, liver, kidneys,
alimentary tract, lungs, muscular system, skeleton, and nervous
system. The arterial system always shows changes in the direc-
tion of decreased elasticity and contractility, and the hardening
of the walls known as arteriosclerosis is very commonly present,
although some authors maintain that it is not a characteristic
feature of old age. The heart often becomes hypertrophied in-
stead of atrophied, but this is believed by many to be a functional
reaction to the increased work of the heart in consequence of the
changes in the arterial system, rather than a feature of old age.
The connective tissue becomes stiffer and harder, but its less
highly specialized forms may increase and take the place of more
highly specialized organs or tissues which have undergone atrophy.
In connection with these changes of old age the deposition of fatty
substances, evidently products of metabolism, occurs in the cells
of muscles, liver, brain, and various other tissues.

The difference in appearance of the spinal ganglion cells of man
at birth and in a case of death from old age at ninety-two years are
shown in Figs. 115 and 116. In the first figure the young cells
have not yet attained their full size, but compared with them, the
cells on the left of the second figure are seen by the spaces about
them to be greatly shrunken and their cytoplasm contains numerous
fat granules stained black by the method of preparation. On the
right of Fig. 116 the débris of two cells which have undergone
degeneration is seen.

The atrophy of tissues in old age is manifestly associated with
the decrease in rate of metabolism. It is a well-known fact that a
decrease or cessation of functional activity in the specialized organs
after their development brings about atrophy quite independently

! For more recent discussions of senile atrophy see Bilancioni, "11; Demange, '86;
Metchnikoff, "o3, '1o; Minot, ‘08, chap. ii; Mithlmann, 'oo, "10; Ribbert, 'e8: articles
in medical dictionaries, cyclopedias, etc.
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occurs by the isolation of leaves, branches, specialized gemmae,
etc., and in many cases from single cells of various regions of the
gametophyte. Inmany such species sex organs and gametes appear
only occasionally, or very rarely, and vegetative propagation of the
gametophyte may continue indefinitely.

If the viewpoint developed in preceding chapters has any
foundation in fact, we must believe that in every one of these
vegetative reproductions a new individuation and some degree of
reconstitutional change in the cells involved occur. And again, if
this is the case, the new individuals resulting from reproduction
are, at least to a slight degree, younger physiologically than the
individual of which they originally formed a part. The result of
continued vegetative reproduction, whether it is induced by external
- factors or determined by a low degree of individuation in the
species, is then to prevent the gametophyte generation from attain-
ing physiological maturity; consequently the specializations and
morphological differentiations characteristic of maturity, viz., the
development of sex organs and gametes, do not take place, or take
place only rarely when individuals in consequence of external or
internal conditions happen to reach maturity,

Various botanists have suggested that in such cases the vege-
tative reproduction is the consequence of the failure to produce
sex organs and gametes, but the facts point to the opposite con-
clusion—that the continued vegetative reproduction with the
accompanying reconstitution simply prevents the individual from
attaining maturity. Whether in any case the capacity for gamete
formation has been lost or is disappearing, can be determined only
after the most extensive and intensive research. But the low degree
of individuation accounts without difficulty for the preponderance
of vegetative reproduction, and there is no reason for believing that
a loss in the capacity for gamete formation has occurred. Failure to
produce gametes in such cases probably means only that the indi-
vidual never attains the physiological condition of which that par-
ticular process is a feature.

The occurrence of apogamy in the ferns® indicates, as already
pointed out (p. 322), that there is no segregation of germ plasm

* Farlow, '74; de Bary, ’78; Heim, g6; Farmer and Digby, 'a7; Woronin, 'o8;
Winkler, ‘8.
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differentiation of the plant body. Both morphologically and
physiologically it is a much more highly differentiated and special-
ized system than the vegetative axes of the plant.

This being the case, we should expect to find the flower as the
final stage of development, as the expression of maturity of the
plant. Among the flowering plants this appears in general to be
the case. The young plant grows, produces new vegetative axes,
and in most cases becomes what the zoslogist would term an asexual
colony, but after a longer or shorter period of such vegetative growth
and reproduction, varying in different plants from a few weeks to
many years, flower buds appear in place of certain or all of the
vegetative buds, gametes are produced, and seeds are formed.
In many plants vegetative growth ceases when flowering occurs,
and flowering is followed by death of the whole plant, except the
seeds, but in others the sequence may be repeated an indzfinite
number of times during the life of the plant.

To all appearances then these plants have a definite life history,
vegetative growth and reproduction of vegetative axes being
characteristic of the earlier stages and the development of flowers
and gametic reproduction of the later stages. In those plants
where the sequence is repeated periodically, different shoots or axes,
that is, different plant individuals, are concerned in each period.
Moreover, it is a well-known fact that in general cuttings from
plants in bloom or ready to bloom are likely to bloom earlier than
cuttings from plants which are still in the stage of active vege-
tative growth. Such facts indicate clearly that flowering is an
expression of internal conditions which are characteristic of a rela-
tively advanced stage in the life of the plant or in a seasonal or
other period of metabolic activity and growth.

But certain facts of observation and experiment have often been
regarded as pointing to a somewhat different conclusion. First
among these is the familiar fact, to which attention has already been
called (pp. 239-44), that many plants live and grow indefinitely
without sexual reproduction. This is true, not only of many
rhizome plants, in which the rhizome or rootstock grows con-
tinuously and produces new buds and roots, and from time to
time branches, while at the other end death continually advances,
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by altering the rate of metabolism, or in some other way, and so
lead to vegetative or other forms of agamic reproduction.

From this point of view, the absence or rare occurrence of
gametic reproduction in various plants, either in nature or under
cultivation, is not in any sense the factor which determines increased
agamic reproduction, but the agamic reproduction prevents the
organism from attaining the physiological condition in which
gametic reproduction occurs. Teleological interpretation of such
cases is entirely unnecessary and beside the point. Whether one
form of reproduction or another occurs depends upon the physi-
ological condition of the individual. In the physiologically
young, immature individual, whether it be a unicellular plant, a
single plant axis, or a whole multiaxial plant, reproduction, when it
occurs, is agamic, while the formation of gametes occurs in the older,
mature individual.

This conclusion may seem at first glance to conflict seriously with
certain other observational and experimental data concerning the
occurrence and experimental production of flowers. Flowers appear
frequently, either as an anomaly in nature or under experimental
conditions, on plants which, as regards length of time from the seed,
as well as size and morphological condition, are in an early stage
of development and young. The experimental investigations of
Véchting, Klebs, and others have demonstrated that the occurrence
of flowering may be controlled within wide limits by means of
various external conditions.®

Véchting’s experiments on Mimulus tilingii show very clearly
the significance of light for flowering. 1In a certain low illumination
in which vegetative growth is possible the inflorescence begins to
develop, but the preformed flower buds cease their development at

I The following references will serve as a guide to the literature of the subject.
Mébius ('g7) presents and describes numerous facts, largely ohservational rather
than experimental, bearing upon the problem. Diels ('o6) has brought together many
cases of premature flowering or ““nanism,” both from his own observations and from
the literature. The experimental investigations of Vichting ("93), Klebs (o3, "o4,
'06), and others demonstrate that the occurrence of flowering may be controlled within
wide limits by means of external factors. Jost (o8, pp. 430-46) gives a good general
survey of the subject. Additional references are Benecke, 'of; Dbposcheg-Uhldr, '12:
A. Fischer, 'o5; Goebel, ‘o8, pp. 6, 10, 117, 190; Loew, 'o5. These papers contain
further references.
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regions. In consequence of this condition the flower may be
expected to show a relatively high rate of respiration.

The accumulation of organic material and the relatively low
metabolic rate in the vegetative parts of the plant are probably
factors in making possible the high rate in the flower, which develops
at the expense of the nutritive substances in other parts. The
flower is a new individual or system of individuals, which arises
under conditions of low metabolic rate in other parts, and such
conditions favor the establishment in it of a high rate of metabolism
and growth. Evidently the flower is a more stable structure than
most of the vegetative parts of the plant and it undergoes rapid
progressive differentiation and aging. These characteristics are
also doubtless associated, on the one hand, with metabolic condition
of advanced age in other parts and, on the other, with its own high
metabolic rate.

In most flowers the rate of respiration decreases from relatively
early stages onward, but in some cases it undergoes increase or
remains almost constant up to the time of opening. These differ-
ences are probably associated with differences in the size and
amount of growth of the ovary and its contents as compared with
other parts of the flower. It was suggested in the preceding chap-
ter (pp. 349-50) that the increase in rate of respiration in the pistil
during its development is connected with the increasing bulk of the
growing ovules and embryo sacs in proportion to the whole pistil.
Since it is impossible to measure the respiratory rate of single game-
tophytes (pollen grains or embryo sacs) or gametes during their
development, the available data on rate of respiration in the flower
and its parts are incomplete for present purposes. In the case of
the pistil particularly they represent measurements of rate in a
complex system in which different parts attain their maximum
activity at different times and differ in amount and rate of growth
in different cases. Nevertheless, so far as the data are applicable
they do not conflict with, but rather support, the view that the
flower is a product of relatively advanced physiological age in the
plant.

In those cases where blooming is periodically repeated in the life
of the plant, as in perennials, it must be remembered that new
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even die of old age. But the more readily agamic reproduction
occurs in consequence of either internal or external factors, the less
likely is the life history of the individual to attain its later stages.

In the case of the protozoa the question of progressive race
senescence has occupied the minds of most investigators to the
exclusion of individual senescence. Apparently, however, the
solution of the whole problem is to be found in the relation between
individual senescence and rejuvenescence under different conditions.
If progressive senescence in a race, ending in conjugation or death,
does not occur in a race bred agamically, it is not because the
individuals do not undergo senescence, but rather because the
cytoplasmic senescence in each generation is compensated by
rejuvenescence in each agamic reproduction and because senescence
of the meganucleus is compensated by the process of nuclear reor-
ganization which Woodruff and Erdmann have called endomixis.

CONDITIONS OF GAMETE FORMATION IN THE MULTICELLULAR ANIMALS

Our knowledge concerning the physiological conditions which de-
termine the formation of gametes in the lower multicellular animals
is as yet very fragmentary. As regards many forms we do not even
know whether sexual maturity occurs once or periodically in the
life cycle, or whether its appearance is merely a reaction to external
conditions. Observation of the animals in nature seems to indicate
clearly enough that in general the formation of gametes occurs only
when a period of vegetative growth, with or without agamic repro-
duction, is approaching or has reached its end. In the case of the
fresh-water hydra considerable experimental work has been done,’
and most authors agree that low temperature determines sexual
maturity, although different species appear to differ to some extent
as regards the effective temperatures. Nussbaum maintains that
starvation or at least decrease in nutrition is the essential factor,
but other authors do not agree with him. These results do not
afford us any very deep insight into the physiology of gamete
formation. They merely indicate that a relatively low rate of
metabolism favors or even determines gamete formation, but
whether gamete formation ever occurs without the aid of external

' R. Hertwig, 'ofi; Krapfenbauer, 'o8; Frischolz, 'og; Nussbaum, 'eg; Koch, '11.
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amount and uniformity of the food supply and the rate of growth.
There is no question that in P. maculata, as well as in P. doroto-
cephala, sexual maturity represents a condition of greater physio-
logical age than the asexual stage.

The case of P. velata is somewhat different. Under the con-
ditions where it is usually found in nature, as well as in the labora-
tory, this form unquestionably grows old, ceases to feed, and
undergoes fragmentation in each generation without becoming
sexually mature. Apparently sexual reproduction has no place in
the life cycle of this species. If it were not for the fact that the
animal stops feeding and ceases to grow before fragmentation
occurs we might believe that the life cycle of the individual is sim-
ply interrupted as in P. dorotocephala and in many plants by the
agamic reproduction, but as a matter of fact the period of develop-
ment and growth is apparently completed before fragmentation
begins. Thus far it has not been possible to induce sexual maturity
experimentally in this species. It seems probable, however, that
certain of the feeding experiments already described afford a clue
to the understanding of this case. It was pointed out that the
length of the growth period and the amount of growth before
fragmentation differ very widely with different foods. In other
words, the rate of senescence differs according to character of food.
This suggests the possibility that with certain foods growth might
continue and fragmentation be delayed until attainment of the
stage of sexual maturity, but only further experiment can throw
light upon the question.

As regards the parasitic groups of flatworms, the flukes and the
tapeworms, there can be no doubt that formation of gametes and
sexual reproduction is characteristic of an advanced stage in the
life of the individual. Such parasites are subjected to but little
change in external conditions, especially those living in the bodies
of mammals, and yet they pass through a definite life history, ending
in the development of gametes and, following this, the death of the
individual. In some of the flukes the number of larval generations
between the egg and the development of the sexual organs may
differ according to external factors, but the relation between
sexual maturity and relatively advanced age is unmistakable.
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Woltereck's extensive investigations, together with the evidence
from the work of others, seem to show very clearly that, while
differences exist in different races and species, nevertheless a cyclical
change affecting the character of the eggs produced does occur in
these animals independently of external factors, although it may
be modified by temperature, nutrition, and chemical constitution
of the medium in which the animals live. Woltereck divides the
cycle into three periods, the first including the early generations ol
females following the winter eggs. These females are predomi-
nantly parthenogenic and female-producing, at least until late in
life, and external factors have no effect on the character of the eggs.
After this follows a second period in which external conditions
determine to a very large extent whether parthenogenic eggs pro-
ducing females, or parthenogenic eggs producing males and zygo-
genic eggs are produced, and finally a third period occurs in which
parthenogenic eggs producing males and female-producing zygogenic
eggs appear independently of external conditions.

Von Scharfenberg and Papanicolau found that a change in egg
character occurred, not only in the course of successive generations,
but also in the course of single generations, i.e., the eggs produced
early in the life of a female are more likely to develop partheno-
genically into females and those produced later in life into males
or to be zygogenic winter eggs. In the earlier generations of a
cycle the male-producing and zygogenic eggs appear later in the
life of the individuals, in later generations earlier. Moreover,
the same three periods appear more or less clearly in the repro-
ductive cycle of the single females as in the cycle of generations.

This reproductive cycle appearing both in single individuals
and in successive generations is in certain respects analogous to the
cycle of agamic and gametic reproduction in many of the lower
animals. In the early stages of the cycle the daphnids, although
producing what we call eggs, are really reproducing agamically,
since the eggs develop parthenogenically, but in later generations,
as well as later in the life of the individual, they become sexually
mature, and males and females appear and the eggs require ferti-
lization. There seems to be a progressive change in physiological
condition in thése animals, both individually and in successive
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eggs, as Dazierzon maintained more than sixty years ago.! The
queen bee is apparently capable of producing drone eggs at any
time, or at least repeatedly, during her life. It is conceivable that
all eggs produced by the queen are potentially parthenogenic and
so male-producing, but that when fertilized they produce females
(see pp. 344-45), but if the parthenogenic eggs are physiologically
different from the zygogenic in this case, it seems probable that the
former are at least slightly younger than the latter when they
leave the ovary. If, as suggested above, not only the physio-
logical age of the animal, but the conditions in the ovary determining
the rate of egg production—the abundance of nutrition, etc.—are
factors in the determination of parthenogenic and zygogenic eggs,
old queens may produce parthenogenic or young queens zygogenic
eggs under certain conditions. Only under fairly constant external
conditions could a definite, fixed relation between physiological
condition of the egg and physiological age of the parent be expected.

In certain of the parasitic flatworms—the digenetic trematodes
—two or more larval generations occur between the fertilized egg
and the adult stage. The first of these larval generations arises
from the egg as a single individual which contains within its body
certain cells known as germ cells. Each of these germ cells develops
within the parent body into a larval individual of the second genera-
tion, and in many cases these larvae likewise contain germ cells
which give rise to a third larval generation: sometimes the process
may continue still farther, but in any case the final larval generation
undergoes transformation into a single adult individual and becomes
sexually mature.

The germ cells in the bodies of these trematode larvae have
commonly been regarded as eggs, and the development of the second
and following larval generations as cases of parthenogenesis. The
observation of Cary ('og) that these germ cells resemble partheno-
genic eggs in giving rise to a single polar body before beginning
development gives further support to this view., If these cells are
actually parthenogenic eggs or approach such eggs in their charac-
teristics, their appearance during or immediately after the embryonic

* The latest studies on the subject, Nachtsheim, ’13, Armbruster, '13, give an
extensive bibliography.
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differentiated, physiologically old cells, approaching death, an
increase in dynamic activity can scarcely mean anything else than
the beginning of a period of rejuvenescence and dedifierentiation.

The increase in the dynamic activity of the sea-urchin egg after
fertilization has been determined in various ways by various inves-
tigators.! Lyon found that the susceptibility of the eggs to cyanide
was greater after than before fertilization. Measurements of the
oxygen consumption of the egg of the Neapolitan sea-urchin
(Strongviocentrotus lividus) by Warburg showed that after fertiliza-
tion the oxygen consumption was between six and seven times as
great as before, and Loeb and Wasteneys found that in an American
sea-urchin (Arbacia punctulata) the fertilized egg consumed three
to four times as much oxygen as the unfertilized.? In a study of
heat production in the sea-urchin egg Meyerhof finds the heat
production per hour between four and five times as great in fer-
tilized as in unfertilized eggs.

In the starfish egg, however, according to Loeb and Wasteneys
("12), the oxygen consumption is about the same before and after
fertilization. This difference in behavior between starfish and sea-
urchin eggs is undoubtedly connected, as Loeb ('r1) suggested,
with the fact that in the starfish the extrusion of the eggs from the
ovaries into sea-water starts the maturation divisions, while in the
sea-urchin maturation has occurred and the egg is quiescent when
the sperm enters it. But the unfertilized starfish egg dies very
soon unless, according to Loeb, its oxidation processes are inhibited
by lack of oxygen or by cyanide.* As a matter of fact, the starfish
egg is almost a parthenogenic egg, as Mathews (‘or) has shown.
By experimental means its development can readily be initiated
without fertilization. But, left to itself, it is apparently not quite
able to begin normal development; something goes wrong and
death soon follows. The unfertilized sea-urchin egg, on the other
hand, which remains almost quiescent after extrusion from the

* Loeb, "10; Loeb and Wasteneys, "10, "'r1; Lyon, 'o2; Meyerhof, "'t1; Warburg,
o8, "10.

? There are certain sources of error in the method used for determining oxygen

consumption which make it possible that these values are too high, but that an increase
occurs cannot be doubted.

5 Loeb, '11; Loeb and Wasteneys, '12.
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evident increase in activity in parthenogenic eggs during and after
maturation leave no room for doubt that the physiological changes
which occur in zygogenic eggs after the entrance of the sperm occur
in parthenogenic eggs independently of the sperm. Moreover,
among animals most parthenogenic eggs undergo only one matura-
tion division before beginning development. It was also pointed
out in chap. xiii that in many cases parthenogenic eggs are appar-
ently less highly differentiated morphologically, and younger phys-
iologically, than zygogenic eggs of the same species.

The obvious conclusion in the light of the various facts is that
eggs which are capable of parthenogenic development in nature are
less highly specialized as gametic cells than those which require
fertilization. They react to isolation by undergoing dedifferentia-
tion and reconstitution into new individuals, and in this respect
they resemble the pieces from the bodies of many lower animals,
such as Planaria, which undergo reconstitution when isolated.
The capacity of parts of the body for reacting to physiological
or physical isolation by dedifferentiation varies inversely as the
degree of physiological stability of the structural substratum (see
PP- 39-42). But physiological stability of the substratum appar-
ently increases during individual development and also during the
course of evolution, and often varies to a considerable extent in
related species. Since the development of the primitive egg cell
into an egg is apparently subject to the same laws as the develop-
ment of other parts of the body, the parthenogenic egg must repre-
sent an earlier stage of development than the zygogenic egg of the
same species. But it does not by any means follow that the eggs
of all species would develop parthenogenically if they were iso-
lated at a sufficiently early stage. Since the bodies of different
species and the different tissues of the same individual possess very
diffierent degrees of reconstitutional capacity, we must expect to
find differences of the same sort in eggs. Moreover, since the
formation of gametes is characteristic of relatively late stages in
the individual life history, we should expect a rather high degree
of physiological stability in the eggs of most species and partheno-
genesis in comparatively few. As a matter of fact, parthenogenesis
occurs only here and there among organisms, but it is of interest to
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require fertilization for their development can be induced experi-
mentally to develop without fertilization. General agreement has
not yet been reached as to the nature of the changes concerned in
the initiation of development, but there can be no doubt that the
increased metabolic activity which in nature follows fertilization
may be brought about by the action of certain experimental con-
ditions. A great variety of agents and conditions have been em-
ployed in these experiments. Harvey ('1o) has tabulated the
different methods. A few of these methods bring about in certain
species a normal, orderly development like that which occurs after
fertilization. With many of the so-called parthenogenic agents,
however, and in some species with all, the changes which are initi-
ated differ more or less widely from normal development. In some
cases development may proceed more or less normally through
the earlier stages, but ends in death at or before a certain stage;
in others the forms produced are clearly abnormal from the begin-
ning; in still others only a few divisions, or only changes in the
membrane, occur before death. In certain cases also some degree
of differentiation without any cell division results from the use of
these agents.

All of these experimental effects have very commonly been
regarded as initiation of development, but if the term “develop-
ment”’ means anything, it means an orderly series of events leading
to a certain definite result. The course of events and the result
attained are subject to more or less variation, and it is not always
possible to make a sharp distinction between what is and what is
not development. Nevertheless, it is evident that many of these
experimental treatments of the egg do not initiate development,
but a change which lacks some of the essential features of develop-
ment and soon leads to death. To maintain that any experimental
agent or condition which brings about some degree or kind of
cellular activity in the egg initiates development is to lose sight
entirely of the fundamental characteristics of development; and to
use such experimental data indiscriminately as a basis for con-
clusions concerning the nature of fertilization is certainly not a
justifiable procedure. It cannot be doubted, however, that devel-
opment in the strictest sense is initiated experimentally in certain
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aroused only by experimental conditions which approximate more
closely the conditions of fertilization, and still others only by
fertilization itself, or conditions essentially identical with it. More-
over, it is by no means certain that the conditions concerned in
fertilization are exactly the same in all cases. The morphological
differences in the gametes of different species show clearly enough
that the course of gametic development is not always the same,
and the assumption that the action of the sperm is always the same
seems to be unjustified. The result is, of course, essentially similar
in all cases, i.e., increased metabolic activity, transformation of
nutritive substances, and cell division, but different factors or
combinations of factors may be concerned in producing it in differ-
ent cases. The differences in the reaction of different eggs to the
experimental parthenogenic agents suggest that various degrees of
specialization exist in the process of fertilization itself. The con-
ception of the gametes as highly specialized, physiologically old
cells places the whole problem of the initiation of development by
either experimental or natural means in a new light.

OXYGEN CONSUMPTION AND HEAT PRODUCTION DURING EARLY
STAGES OF DEVELOPMENT

The first stage of development is a period of repeated cell
division, the cleavage period, during which the proportion of
active cytoplasm and nuclear substance increases at the expense
of substances which were accumulated in the egg during its growth
and have been previously inactive; or in some organisms, where
the egg itself contains but little nutritive material, it becomes
dependent at an early stage on nutriment from without.

Authorities are generally agreed that during at least some part
of this period an acceleration in the rate of metabolism occurs.?
According to Warburg and Loeb and Wasteneys the oxygen con-
sumption of sea-urchin eggs increases during the course of cleavage.
In the egg of the mollusk A plysia limacina Buglia found that the
oxygen consumption decreased slightly while carbon-dioxide pro-
duction remained uniform during the earliest stages of cleavage,
but in later embryonic stages both underwent a marked increase

* Buglia, 'o8; Loeb and Wasteneys, 'r1; Meyerhof, '11; Warburg, "8, '10.
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to the age cycle. In the earlier larval stages the animal is stil]
growing young, while in the later stages it is growing old.

Between Nereis and another annelid, Arenicola cristata, an
interesting difference exists. During the period of rejuvenescence
the Nereis embryo obtains its nutritive material from the yolk in
the egg, but this material is used up before the end of the larval
period, and metamorphosis from the Jarval to the adult form does
not occur unless the larva can obtain food from without. The
egg of Arenicola, however, contains sufficient yolk to carry
development completely through the larval period and meta-
morphosis to the stage of a worm with five or six segments, after
which food from without is necessary. In both these forms the
embryonic period of increase in susceptibility, i.e., of rejuvenescence,
ends at about the stage when the last of the yolk is used up: the
Nereis embryo continues to grow younger only up to the larval
stage, while rejuvenescence in Arenicola continues through the
larval stage, the metamorphosis, and up to the six-segment stage
of the worm. During this period yolk is being transformed into
chemically active nuclear substance and cytoplasm, and the pro-
portion of chemically active to inactive substance increases to a
certain point where the accumulation of new structural substance,
together with any part of the old that may remain, balances the
synthesis of active protoplasm.

Susceptibility determinations have been made for only two other
species of annelids, Chaetoplerus pergamentaceus and Hydroides
dianthus, and in both rejuvenescence takes place during the embry-
onic period, as in Nereis, but the stage at which rejuvenescence
gives place to senescence was not determined in these forms.

Among the vertebrates the eggs of two species of fish have been
used for susceptibility determinations. In contrast to the holo-
blastic egg of the starfish, sea-urchin, and annelid in which the
yolk is in all or some of the cells and the whole egg divides, the fish
eggs are meroblastic, most of the yolk being separated from the
active protoplasmic part of the egg, and only the latter divides.
In such eggs the embryo begins at a rather early stage to feed on
the yolk outside its own cells, and its relation to the nutritive supply
becomes similar to that of the animal developing from a holoblastic
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heart-beat and hatching is probably due in part to increased func-
tional activity and stimulation, but it may be largely the con-
sequence of the increasing lipoid content of the nervous system in
connection with medullation of the nerves, a change which would
increase the relative concentration of phenyl urethane in the
nervous system and so might intensify its action (see pp. 75-76).
In the vertebrates particularly these changes in the nervous system
make the use of the susceptibility method with highly fat-soluble
substances difficult in the later stages of development. If this
second increase in susceptibility is due to the increase of fatty
substances in the nervous system, it of course does not mean that a
second period of rejuvenescence occurs, but rather that the sus-
ceptibility to phenyl urethane is not a measure of the metabolic
condition at this stage. In all probability senescence and decrease
in metabolic rate continue from the stage where the susceptibility
first begins to decrease.

In Tautogolabrus the period of increasing susceptibility con-
tinues up to the time of hatching, and almost all of the increase
occurs before movement or special function of organs begins., At
the periblast stage, where Fundulus shows the highest suscepti-
bility, Tautogolabrus has undergone only half of its increase and the
total increase of susceptibility in the latter is about twice that
in the former. These differences between the two forms are
undoubtedly associated with differences in the course of develop-
ment. The second column of Tables XI and XII shows that
Tautogolabrus develops three or four times as rapidly as Fundulus,
and its development up to the time of hatching occurs very largely
at the expense of nutritive material in the protoplasmic part of the
egg, but little of the separate yolk mass being used during this
stage, while in Fundulus most of the yolk is used before hatching.
It is also evident that the protoplasms of the two species differ
widely in capacity for growth, for the egg of Fundulus is very much
larger and the adult usually much smaller than that of Taufogola-
brus. Apparently the differences between the two eggs determine
that the degree of rejuvenescence is much greater and that the
period of rejuvenescence extends to a much later stage of develop-
ment in Tawntogolabrus than in Fundulus.
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increase there is no increase, but rather a decrease, in total cyto-
plasmic volume, for the nuclear substance is formed at the expense
of the cytoplasm or of substances contained in it; consequently
the relative increase in nuclear substance is somewhat greater than
the absolute. According to Erdmann (’o8), the nucleoplasmic
relation, that is, the volume of the nucleus in relation to the volume
of the cytoplasm, undergoes very great increase from the four-cell
stage to the gastrula in the sea-urchin, and the volume of the
chromosomes, in relation both to cell volume and to nuclear volume,
also increases during this period. Conklin ('12), in a study of the
mollusk Crepidula, also finds an increase in total nuclear volume
during cleavage, though by no means so great as that found in the
sea-urchin.

The change in the nucleoplasmic relation during this period is
evidently in the reverse direction from that which it underwent
during the growth period of the gametes. Undoubtedly the
increase in relative nuclear volume during early development is, as
Conklin points out, an important factor in the acceleration of meta-
bolic activity, but it is not the only nor even the primary factor,
for the acceleration may begin before the nuclear increase, and
under other conditions acceleration of metabolism may occur with-
out such increase. The increase in nuclear volume is an indication
rather than a cause of the metabolic changes which the embryo is
undergoing during this period. Moreover, as regards the sperma-
tozoon, entrance into the egg constitutes a sudden and enormous
increase in cytoplasmic volume, yet the spermatozoon undergoes
regressive changes as well as the egg. The general significance of
the nucleoplasmic relation for the problem of age is considered in
chap. xvi (see also pp. 284-86).

In most animal eggs the cytoplasm contains more or less fatty
substance—the yolk—in the form of granules, droplets, or large
masses, and in such eggs the most conspicuous cytoplasmic change
during the early stages of development is the gradual disappearance
of this yolk. But even in eggs which contain no visible yolk the
cytoplasm becomes more homogeneous in appearance, and cyto-
plasmic strands, granules of wvarious sorts, and other structural
features of the egg disappear wholly or in part. At the same time
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than of kind, and that there is much more difference in this respect
between different forms of agamic reproduction than between
agamic reproduction from single cells and small cell masses and
gametic reproduction. From the physiological point of view the
reproductive process is fundamentally the same wherever it occurs
in nature: it isin all cases the reconstitution of a new organism from
a part of one previously existing, but the starting-point of the new
individual and consequently the degree of reconstitution and the
result differ in different forms and with different conditions.

CONCLUSION

It is only necessary to point out the close agreement between
all the different lines of evidence in indicating that the early stages
of development from the egg in both animals and plants constitute
a period of rejuvenescence in every sense. Minot ("o8) has already
advanced this view on the basis of the changes in the nucleoplasmic
relation, but has failed to present any of the physiological evidence
in support of it. The nucleoplasmic relation is a rather unsafe
criterion of physiological age, but it is interesting to see that in the
present case it leads to the same conclusion as the physiological
evidence.

From this point of view gametic reproduction differs from
agamic only in the greater degree of specialization of the reproduc-
tive cells and the special conditions necessary to initiate the pro-
cess of dedifferentiation and rejuvenescence. The same periodic
changes, the same life cycle and age cycle, occur in both. We
can dispense entirely with that remarkable conception, the germ
plasm of the Weismannian theory, and say that germ plasm is
any protoplasm capable under the proper conditions of undergoing
dedifferentiation and reconstitution into a new individual of the
species. Reproduction, whether it is the process of reconstitution
in a piece experimentally isolated from an animal or plant body,
or the process of development from the fertilized egg, is funda-
mentally the same physiological process and involves both regressive
and progressive changes, both rejuvenescence and senescence.

A recent attempt by Godlewski ('10) to compare the process of
regeneration with gametic reproduction requires mention here.


















CHAPTER XVI

SOME THEORIES OF SENESCENCE AND REJUVENESCENCE

The present chapter makes no attempt at a complete historical
review of the various ideas and theories concerning the nature
of the age process: it is merely a brief critical consideration, in
the light of the preceding experimental data, of some of the more
recent theories and suggestions.

SENESCENCE AS A SPECIAL OR INCIDENTAL FEATURE OF LIFE

The popular belief, which is of course based on the phenomena
of old age and death in man and the higher animals, is that the
process of aging is a wearing out and death a final breakdown of the
organic mechanism, or some essential part of it. This idea has
from time to time found scientific support, chiefly among those
who have considered the problem of senescence primarily in rela-
tion to man. Among the earlier authorities of the modern era in
science Lotze ('s51, ’84) is one who holds this view, and recently
Magnus-Levy (’o7) has expressed the same opinion. While the
phenomena of senile atrophy in extreme old age in man and the
higher animals may perhaps be interpreted as in some sense a
wearing out (see pp. 288-8¢), they represent only the final stages
of senescence and are the result of what has happened during the
earlier life of the organism. Both man and animals grow old
throughout the course of progressive development, as the decrease
in rate of metabolism indicates.

Speculative attempts have been made to show that age and
death are associated in some way with the reproductive function.
Weismann regards the limitation of life as an adaptation which has
arisen by the action of natural selection, because continued life of
the individual after the reproductive period is a “senseless luxury”
for the species. Weismann’s views are discussed in another
chapter (see pp. 304-5). In opposition to this hypothesis Goette
(’83) maintains that reproduction is the real cause of age and death
of the parent individual and at the same time brings about rejuve-
nescence in the offspring. The foundation of Goette’s hypothesis
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aroused great popular interest, largely because of his scheme for
prolonging life by preventing the intestinal intoxications, they
have received little support among scientists. The evidence for
the universal or almost universal occurrence of chronic intoxica-
tion in man, and of arteriosclerosis as a result of it, is far from
convincing, and the hypothesis of the action of the phagocytes
under such conditions has proved even less acceptable. At best
Metchnikofi’s hypothesis is not widely applicable, for many animals
which possess no large intestine grow old and die. But, as is evi-
dent from his statement that natural death occurs very rarely,
Metchnikoff is really concerned with certain pathological aspects
of advanced life in man and not at all with the problem of physio-
logical senescence. While his ideas may or may not be of practical
value, they have no general theoretical significance.

According to Jickeli ("o2) metabolism is an incomplete process
and injurious substances accumulate in the cell because of this
incompleteness of metabolism. The secretions of cuticular sub-
stances, cysts, cellulose membranes, etc., the formation of hair,
feathers, and various other products of cellular activity represent
these injurious substances of which the cell attempts to rid itself
by excretion, or the body by giving rise to parts which are sooner
or later cast off. In other cases the cells react to the accumulation
of injurious substances by increased rate of division, which results
in increase of surface and so in greater possibility of excretion.
The accumulation of the injurious substances brings about senes-
tence and death, and excretion by the cell, or the casting off of
parts by the organism, is a process of rejuvenescence. This
hypothesis is based entirely on a teleological conception of the cell
and the organism and cannot be regarded as in any real sense
physiological, although in his fundamental idea that senescence
results from accumulation of substances in the cell and rejuvenes-
cence from their elimination Jickeli approaches my own position.
But for him the substances concerned are not the protoplasmic
substratum of the cell, but something “injurious” which remains
in the cell only because metabolism is an incomplete process, and
the cell and the organism are all the time struggling, apparently with
superhuman intelligence, to rid themselves of their burdens.
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the result of the multicellular condition with its accompanying
differentiation. In such organisms the struggle for existence among
the parts which Roux ('81) believed to be of such fundamental
importance in organic life must lead finally to the death of the
whole.

The change in the relation between surface and volume in the
cell and the organism during growth has often served as the founda-
tion for speculations concerning growth and its cessation, aging and
death, and cell division. Since the volume of the cell or the
organism increases more rapidly than its surface, and since nutrition
and oxygen enter through the surface, it is argued that as the cell
or the organism increases in size the amount of nutrition and oxy-
gen which can enter through the surface must become less and less
adequate for the needs of the growing cell mass. Sooner or later
a stage may be reached where only the superficial parts of the cell
receive sufficient nutrition, and finally the death of the cell may
result from the starvation of the parts farthest from the surface.
Various authors, among them Herbert Spencer, Bergmann and
Leuckart, and later Verworn, have called attention to the biological
importance of this relation between surface and volume and have
employed it as a basis for theoretical considerations concerning
one aspect or another of life. Recently Mithlmann (oo, '10, '14)
has advanced a theory of senescence and death based upon this
principle. According to Mithlmann growth brings about senescence
and death because it leads sooner or later to starvation of the parts
of the cell or the organism farthest from the surface. In the uni-
cellular forms the nucleus reacts to the extreme stage of starvation
by division, which is followed by cell division, and so an increase
of nutritive surface is produced; but in multicellular organisms,
where the cells do not separate from each other, cell division only
leads to further growth and so to starvation, which is most extreme
in the part farthest from the surface. Old age is then a condition
of starvation which according to Miihlmann is most extreme in the
central nervous system, the part farthest removed from the nutri-
tive surfaces, and death is consequently primarily a death of the
nervous system. Death for Mithlmann is not only the cessation
of life, as it occurs in man and the higher animals, but the division
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Miihlmann, it suffers most of all. That accumulation of structural
substance and so-called metaplasm in the cells is the result of a
gradual starvation is difficult to believe in view of the fact that
during actual starvation in the lower animals these substances may
disappear to a greater or less extent. And the fact that cell division
can be inhibited by starvation is scarcely in agreement with Miihl-
mann’s assertion that cell division results from starvation of the
nucleus. Miithlmann regards all that is commonly called progres-
sive development as a regression or involution from the embryonic
condition and maintains that the only progress is the reproduction
of embryonic cells, but here again we have merely assertion, not
evidence. In what way progress is involved in the reproduction
of embryonic cells he does not attempt to show. And his assertion
that cell division and the cessation of life are both death leaves the
idea of death without any physiological significance, for cell division
and the cessation of life are certainly two very different processes.
In the one an increase in metabolism apparently occurs, while in
the other metabolism ceases.

More than twenty years ago Richard Hertwig ("8g) advanced the
opinion, based on studies of certain protozoa, that *depression” and
“physiological degeneration” of the cell—conditions supposedly
more or less closely identical with senescence and natural death—
are associated with an increase in the size of the nucleus relatively
to the cytoplasm, and in later papers ("o3, '08) he has attempted to
show that the nucleoplasmic relation, i.e., the size ratio of nucleus
to cytoplasm, varies and regulates itseli within definite limits for
each particular kind of cell and that its variation is an index of
the functional condition of the cell. This idea has been further
developed by some of his students and others, but has also been
rather widely criticized, and many investigators have not been
able to find the definiteness of relation which Hertwig believes to
exist. Conklin ('1z), for example, concludes from an extensive
study of the nucleoplasmic relation in the development of the
mollusk Crepidula, that it is neither a constant nor a self-regulating
ratio and not a cause of cell division, as Hertwig believes, but
rather a result. As a matter of fact differentiation and senescence
in the higher animals are associated in most tissues with an increase






SOME CURRENT THEORIES 441

latest paper Minot has criticized this view on the ground that if it
were correct we must be growing alternately old and young. While
I am quite ready to admit that this is to a certain extent the case,
it does not by any means follow, as Minot has asserted, that every
change in metabolic rate is either senescence or rejuvenescence.
Undoubtedly it is often impossible to draw a sharp line of distinc-
tion between the age changes and many other periodic changes in
the organism (see pp. 187—93), yet in general senescence and reju-
venescence are relatively slow and gradual changes in metabolic
rate associated with certain changes in the cellular substratum,
which do not undergo rapid reversal or regression. Minot’s criti-
cism is quite beside the point. There is nothing in his own theory
that is in conflict in any way with the idea that senescence and
rejuvenescence, viewed in their dynamic aspects, are changes in
rate of metabolism, for it is concerned with certain conditions and
indications of senescence in the cells rather than with the process
of senescence itself.

According to Minot, dedifferentiation and rejuvenescence do
not occur in the body cells. At various points in the present book
(see especially chaps. v—vii, x, xii) I have endeavored to show that
dedifferentiation and rejuvenescence occur very widely in body
cells. No further discussion, therefore, is necessary here. Minot
believes, however, that the egg differs from all other cells in that it
undergoes rejuvenescence after fertilization. The basis for this
conclusion is the increase during this stage in the amount of
nuclear substance in relation to cytoplasm. As regards the
occurrence of rejuvenescence in the embryo, I am in essential
agreement with him, but my conclusions are based on the changes
in metabolic rate rather than size relations of nucleus and cyto-
plasm. Minot, however, has made no mention of the spermatozoon.
According to his view it should be one of the youngest cells in
existence, since it possesses in most cases practically no cytoplasm.
As a matter of fact, however, it shows none of the characteristics
of a young cell. It is if anything more highly specialized than the
egg, and has ceased entirely to grow; moreover, when it enters the
egg it loses its morphological characteristics and to all appearances
also undergoes dedifferentiation and rejuvenescence into an ordinary
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result of chemical decomposition of these molecules. When the
cells are strongly stimulated, as they are during active function,
the protoplasmic molecules break down into substances which are
eliminated from the cell, such as carbon dioxide and the nitrogenous
excretion products. This Kassowitz terms active breakdown. But
even when the cells are not stimulated and functionally active to
any marked degree, protoplasmic breakdown still occurs, although
slowly and incompletely, and this inactive breakdown gives rise in
large part to the metaplasmic substances which accumulate in the
cell. The metaplasmic substances are, according to Kassowitz,
either quite incapable of further change in the cell after they are
once formed, or must be slowly transformed by the action of
enzymes before they can again take part in the synthesis of new
protoplasmic molecules. The presence of these metaplasmic
substances in the cell interferes with the passage of oxygen to the
labile molecules and with the transmission of stimuli and so favors
further inactive, as opposed to active, breakdown of protoplasmic
molecules. Consequently, when metaplasmic substances appear
in the cell, the inactive breakdown increases and this in turn leads
to further accumulation of metaplasm and so on. The result is a
decrease in functional activity and, sooner or later, death. From
this point of view senescence and death are the result of a progres-
sive increase in the inactive breakdown and the metaplasmic sub-
stances formed by it. Death from old age finds its determining
factors in the chemical and physical constitution of protoplasm.
In this theory the ideas of the accumulation of substance in the
cell and its effect upon metabolism as a basis for senescence is very
clearly and fully developed. And while there are various reasons
for dissenting from Kassowitz’ theory of metabolism based on the
labile protoplasmic molecule (see pp. 13-18) and from the sharp
distinctions made between active and inactive breakdown and
between protoplasm and metaplasm, we can agree with him that
senescence and death are fundamental features of life and are
associated with an increase in stability of substratum of the cell.
As regards rejuvenescence, Kassowitz is much less clear,
although he has in his ideas a satisfactory foundation for a theory
of rejuvenescence. In referring to Weismann’s ideas concerning
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the substratum. Such a change will doubtless decrease nucleo-
plasmic interchange, but this decrease will be secondary rather than
primary in the senescence process. Nucleoplasmic interchange
depends upon the metabolic conditions in the cytoplasm and in the
nucleus and may be altered by changes in either or both. The
primary metabolic changes of age must occur throughout the proto-
plasm. On the other hand, to say, as Conklin does, that anything
which decreases nucleoplasmic interchange leads to senility and
anything which increases it renews youth is manifestly not true,
for low temperature may decrease and high temperature increase
the interchange, but such metabolic changes do not, properly
speaking, constitute senescence and rejuvenescence, although they
may in some cases result sooner or later in one or the other.

The advances during recent years in our knowledge of the
colloids and the very natural and entirely justifiable desire to apply
the principles and conclusions of colloid chemistry to the living
organism have led various authors to suggest that senescence in
organisms is fundamentally a colloid change. In chaps. i, ii, and
viii I have called attention to these colloid changes and their impor-
tance for the problems of senescence and rejuvenescence. It can
scarcely be doubted that the colloid substratum of the organism
does undergo changes which are not essentially different from those
in non-living colloids and that such changes play an important
role in the process of senescence. They are perhaps, as I suggested
(pp. 49-50), the primary changes in embryonic protoplasm which
lead to decrease in metabolic rate and so initiate the processes of
differentiation and senescence. But something more than these
changes is involved in at least most cases of senescence, for differ-
entiation occurs, new structural substances are produced and
accumulate in the cell, and its metabolic activity often becomes
very different in character from that of the embryonic cell. While
these changes may depend in large measure upon colloid changes,
it is probable that changes in the chemical constitution of the
substratum may also contribute to its increasing stability and so
play a part in senescence.

The occurrence of rejuvenescence has not, so far as I know,
been considered in connection with the suggestions that senescence
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weight or volume undergoes more or less continuous increase and
the proportion of active substance to total weight or volume becomes
less and less. Consequently the percentage increment of growth
decreases more or less continuously from the beginning of these
changes, and the absolute increment, while at first increasing, must
sooner or later decrease. It is, in fact, not the increase in the
autocatalyst of growth, but the increase of other products of reac-
tion and the transformation of active protoplasm into other less
active forms which retards growth, and these changes are going on
and the proportion of these substances is increasing more or less
continuously from the beginning of the growth period. Enriques
(’og), in a critique of the autocatalytic theory of growth, has
emphasized the fact that in consequence of differentiation a “dilu-
tion” of the actively growing substance occurs and the rate of
growth decreases, until finally the total growth is insufficient to
balance the losses, and senile atrophy occurs. Senescence, senile
atrophy, and death result from changes of this kind, not from the
autocatalytic changes, and there is no need of assuming, as the
adherents of the autocatalytic theory of growth are forced to do,
that the conditions which determine senile atrophy are different
from those which are concerned in growth. Senile atrophy is in
reality merely the necessary result of continued growth in organisms
with a relatively stable substratum.

Growth is not a simple chemical reaction and cannot be con-
sidered as such: it is a complex physico-chemical process in which
changes in the physical character of the substratum as well as
chemical conditions are concerned. The rate of growth is deter-
mined, not simply by the laws of autocatalysis, but by a complex
of factors of different kinds. The decrease in the absolute growth-
increment in later stages does not represent approach toward a
chemical equilibrium, but rather a continued dilution and physical
change of the protoplasm.

The question whether reduction and dedifferentiation are
reversals in the chemical sense of growth and differentiation has
already been raised (see pp. 38, 56). If it were possible to regard
the whole life cycle of the organism as a reversible chemical reac-
tion it would doubtless simplify very greatly our conception of
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degree of physiological integration, the more continuous the prog-
ress of senescence and the less frequently does vegetative agamic
reproduction occur. In the plants and lower animals conditions
which decrease physiological dominance and integration bring
about reproduction of one kind or another. Senescence is itself
such a condition, and in many organisms senescence may result
automatically in the physiological isolation of parts, or the disinte-
gration of the individual into fragments or cells, and so in repro-
duction.

Senescence is a characteristic and necessary feature of life and
occurs in all organisms, but in many of the lower forms it may be
more or less completely balanced by rejuvenescence in connection
with reproduction or other regressive changes, so that there is
little or no progressive senescence from one generation to another,
or in the case of colonial forms, such as multiaxial plants, of the
colony as a whole. Life in such cases consists of brief alternating
periods of progression and regression, of senescence and rejuvenes-
cence, which in some cases apparently balance each other for an
indefinite period, while in other cases a slow progressive senescence
may occur, extending through many generations.

Death is the inevitable end of the process of senescence when
regression and rejuvenescence do not occur. In the lower forms,
where agamic reproduction is frequent, or where other conditions,
such as starvation, bring about regression periodically or occasion-
ally, death does not necessarily occur. But in the higher forms,
where progression and senescence are more nearly continuous, the
life of the individual usually ends in death, though even in these
forms some degree of rejuvenescence may occur.

If these conclusions are correct, agamic and gametic reproduc-
tion are fundamentally similar processes, except for the fact that in
gametic reproduction specialization of the reproductive cells has
proceeded so far that the peculiar conditions associated with ferti-
lization are necessary for the initiation of the process of regression
and rejuvenescence. And if we accept this theory of reproduction,
the Weismannian conception of germ plasm as a self-perpetuating
entity, independent of other parts of the organism except as regards
nutrition—in short, a sort of parasite upon the body—becomes not
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of generations, they may in time bring about an appreciable lasting
change in the whole system of such a kind that the characteristics
produced by them will become hereditary. And if the cells which
give rise to gametes are integral parts of the organism, such a
change must sooner or later affect them as well as other parts. It
is quite impossible to discuss at this time the great mass of evidence
for and against the inheritance of these so-called acquired charac-
ters. In general, biologists have been slow to admit the possibility
of such inheritance, largely because it conflicts with the Weisman-
nian theory, but if we admit that the gametes are integral parts of
the organism, there is no theoretical difficulty in the way of such
inheritance. Whatever the theoretical possibilities may be, it is in
my opinion quite impossible to account for the course of evolution
and particularly for many so-called adaptations in organisms with-
out the inheritance of such acquired characters, but since thousands
or tens of thousands of generations may be necessary in many cases
for inheritance of this kind to become appreciable, it is not strange
that experimental evidence upon this point is still conflicting.

The morphological parallelism between the course of individual
development and the course of evolution have long been familiar
to biologists and have been the subject of much discussion and
speculation. While departures from this parallelism are numerous
and often conspicuous, nevertheless the so-called biogenetic law
that embryology repeats phylogeny, i.e., the development of the
individual repeats evolutionary history, still remains a striking
biological fact. Moreover, a physiological parallelism seems to
exist to some extent. In the individual we see advancing diversity
and specialization of function, apparently associated with increas-
ing stability of the structural substratum, and in evolution a similar
series of changes. The question at once arises: Can we not find a
clue in individual development to certain factors concerned in
evolution ?

In earlier chapters I have attempted to show that individual
development and senescence are associated with the increase in
stability of the substratum, while regression and rejuvenescence
involve a return to the original “undifferentiated” active proto-
plasmic condition. It is of course not necessary to assume that in
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as they do the course of individual development, and we must admit
the possibility of sudden changes of considerable magnitude, so-
called mutations, although even these may be determined by pre-
viously existing internal conditions, as, for example, metamorphosis
in individual development which is primarily the result of internal
factors. And, finally, as our ability to control the process of indi-
vidual development has increased so greatly with the advance in
knowledge of experimental methods, we may perhaps expect that
in the course of time our ability to control the evolutionary pro-
cess may increase, although the difficulties involved in controlling
and modifying to any very great degree internal conditions which
are the result of millions of years of alternating progressive and
regressive change will perhaps make progress in this direction slow.
Senescence and rejuvenescence result from a combination of
factors which is found nowhere except in organisms, but there is no
reason to believe that any one of the factors which make up the
complex is peculiar to living things. Changes in the permeability
of membranes and other changes in aggregate condition of the
colloids, changes in proportion of active and inactive substance in
chemical systems, changes in water-content—all these and many
others occur in non-living as well as in living systems. But we
may make our basis of comparison broader than this and use for
definitions somewhat more general terms than heretofore. In such
terms senescence is a retardation resulting from continued dynamic
activity under certain conditions in a system, and rejuvenescence
an acceleration resulting from elimination or transformation
of the retarding factors under altered conditions. These defini-
tions still hold good for the organism, but they also apply to many
other changes in nature. Senescence and rejuvenescence in this
sense are going on all about us, in some cases with short, in others
with very long, periods. The age changes in the organism are
merely one aspect of Werden und Vergehen, the becoming and
passing away, which make up the history of the universe,








































































