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INDIVIDUALS AND POPULATIONS

Biologic populations display properties that are more
complex and interesting than the individuals of which
they are comprised. This ecological viewpoint lies at the
heart of modern thinking on the nature of biologic order
and evolution, a viewpoint that has been fruitfully ap-
plied to populations of individuals ranging in size from
the smallest microbes, to the largest multicellular orga-
nisms. (1) The populations of cells within us may also
be viewed in such ecological terms. A single human is a
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population of ~10' cells. In contrast, the species of
human beings is a population of ~10° individuals. Thus,
there is as much potential for ecological and evolutionary
complexity within us, as among us. Each of us, then, has
a double evolutionary history; we are each the descendant
of a single primitive hominid ancestor, as well as the
descendant of single fertilized ovum.

Here, I will review some of the properties of biologic
populations, with emphasis on the populations of cells
that make up metazoan organisms. In particular, this
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review will examine the possibility that developmental
order may arise in metazoan embryos through the action
of the selection of cells, that is, by either differential cell
growth or death (2-10). This cell selection is a familiar
occurrence to those of us who utilize the methods of
histology. Indeed, cell selection has a deceptive simplic-
ity, which belies its power to mold the composition of
the cellular populations of which we are comprised.

THE PROPERTIES OF DARWINIAN
POPULATIONS

SELECTION

It was, of course, Darwin who was the first to discover
that biologic populations have important properties not
apparent in the biology of the individuals of which they
are comprised. Thus, while Lamarck was able to discern
the reality of evolution, he was misled by the illusion of
the environment determining the heritable properties of
individuals. Darwin showed that the environment, even
without the capacity to affect the heritable properties of
individuals, may change the heritable properties of pop-
ulations, through the action of selection.

DIVERSIFICATION

Evolution may be molded by selection, but selection
requires genetic innovation for the possibility of true
progress. This innovation is created by a variety of
processes of heritable diversification, such as mutation,
duplication, deletion, meiotic recombination, and inde-
pendent assortment. Each of these processes of heritable
diversification possess the property of being stochastic,
that is of being probabilistic processes occurring over
time (11, 12). Mutation provides the prototype of such a
stochastic process, but we will find this stochastic feature
to appear again in a variety of unexpected and interesting
places.

B1oTic POTENTIAL

Reproduction gives all populations the capacity for
exponential growth, and thus the inevitable potential to
outstrip the resources that support the population. This
enormous potential for exponential growth has been
called the biotic potential of a population (13).

All living things, including the cells that make up
metazoan organisms, possess a biotic potential that can
never be achieved. For example, in amphibian embryos,
such as the axolotl Ambystoma mexicarum, fertilization
is followed by rapid exponential growth that continues
through a dozen-or-so cell divisions (14). However, this
growth rate can not continue unabated, so that by the
gastrula stage the actual number of cells in the embryo
is only 10% of its biotic potential, by the neurula stage
1%, by the tailbud stage .01%, while by the time that the
embryo has reached the tadpole stage, it contains only
.00000000001% of its biotic potential. In mammalian
embryos, development likewise begins with an exponen-
tial growth of cells, doubling about every 8 hours (15),
and a small number of cells continue to divide at this
rate until quite late in development (16). If all of the
cells of the embryo continued this rate of growth, by the
time of birth (21 days after conception) a mouse embryo

CELLULAR SELECTION

137

‘would comprise approximately 10'® cells, and would

weigh about a million pounds. It is this difference be-
tween the embryo’s enormous biotic potential, and its
more modest actual potential, that allows the opportu-
nity for cellular selection to occur.

THE ORGANIZING POWER OF SELECTION

The selection made possible by the biotic potential of
cells has a powerful creative potential, as can be illus-
trated by a simple numerical example. Consider a popu-
lation of 1,000 cells, containing just one cell with a
unique, cell-heritable, property that makes it distinguish-
able from the other cells in the colony. If that distinctive
cell divides (every 8 hours), while the other cells do not
proliferate, then by 4.5 days, 50% of the colony will be
made up of cells of the distinctive type, while by the end
of the 7th day, 99.99% of the population will be of the
special type.

CELL SELECTION

THE IMMUNE SYSTEM

The production of a specific antibody by the immune
system provides the prototype of a cellular system orga-
nized by cellular selection. In the presence of a foreign
substance (an antigen) those few lymphocytes that hap-
pen, by chance, to express a complementary immuno-
globulin are induced to divide. The key signal that in-
duces the selective proliferation of these few lymphocytes
is the binding of the antigen to the immunoglobulin,
which, in immature lymphocytes, is located at the cell
surface. This process of antigen-induced cellular selec-
tion creates a new population of cells, which can then
secrete the specific antibody. Thus, it is by the power of
cellular selection, that the immune system is capable of
producing large amounts of specific antibody to any
number of foreign substances.

The versatility and power of the selective mechanism
of antibody production is amazing. It requires only one
of the billion lymphocytes that comprise a mouse’s im-
mune system to produce specific antibody. If that single
cell is made to divide, then by 21 cell divisions (approx-
imately 8 days), the immune system will have selected a
population of 107 antibody-producing cells. We know
from the work of Conrad and Ingraham (17), and Perel-
son and Goldstein (18), that each of these terminally
expanded cells is capable of producing immunoglobulin
at the rate of ~15 ng/cell/hour. Thus, these 107 cells are
capable of producing, in an hour, 15 mg of specific
antibody, which constitutes 50% of the mouse’s total
plasma immunoglobulin.

THE LIVER

The liver has provided another system in which the
role of cellular selection may be examined (19, 20). While
the immune system produces the immunoglobulins of
the blood, most of the rest of the plasma proteins, such
as albumin, transferrin, fibrinogen, o;-macroglobulin,
complement-component-C3 and «a-fetoprotein, are pro-
duced by the liver. It appears by immunofluorescence
that each of these plasma proteins is present in, and
presumably synthesized by, a separate population of
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hepatocytes in the liver (Fig. 1). In the adult mouse liver,
albumin-containing cells constitute somewhat less than
1% of hepatocytes. Transferrin-containing cells are even
less abundant, being present in about 1/10th the number
of albumin-containing cells, while 1/30th of this number

Fi6. 1. Immunofluorescence of mouse liver. a, Albumin-containing
cell (green) identified by immunofluorescence with rabbit anti-mouse
albumin. b, C3-containing cell in same field (red) identified by goat
anti-mouse C3. ¢, Double exposure of same fields as a and b, showing
simultaneously, albumin (green) and C3 (red) containing cells. A large
series of similar experiments established the separate identity of cells
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of hepatocytes contains complement-component-C3
(Fig. 2). a-Fetoprotein-containing cells are quite rare in
the adult liver, being present in only about 1/1000th of
the abundance of albumin-containing cells, but are pres-
ent in higher numbers early in life. These values roughly

containing albumin, transferrin, C3, fibrinogen, a2 macroglobulin. d,
Cluster of albumin-containing cells. ¢ and f, Immunofluorescence of
liver from an Alb-1°/Alb-1° heterozygous mouse. The reactivity of rabbit
anti-mouse albumin is revealed in red, the reactivity of mouse
Anti-Alb° is seen in green. (Anti-Alb° = (C57B1/6 X A)r, Anti-B6 Alb-
1¢ albumin).
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F1G. 2. Abundance of plasma protein-containing hepatocytes in the
mouse.

reflect the relative rates of synthesis of each of these
proteins (21).

Albumin is produced by the liver at a rate of approxi-
mately 0.4 milligrams/hour/gram of tissue (17, 18). If, as
the immunofluorescence picture suggests, albumin syn-
thesis is confined to just .1% of hepatocytes, then each
albumin-containing hepatocyte would have to produce
albumin at a rate of approximately 10 ng/cell/hour. This
is not heavy labor for a cell; as we know from work cited
above, single immunoglobulin-producing cells are capa-
ble of producing immunoglobulin at a rate of approxi-
mately 15 ng/hour. (17, 18)

The plasma protein-containing cells visualized by im-
munofluorescence are scattered throughout the liver, and
are present both as individual cells and as clusters of
multiple adjacent cells (Fig. 1d). As will be discussed
later in this review, it appears that each of these clusters
is a clonal group, that is to say, is the progeny of a single
precursor cell. Because these clusters are clonal, the size
of each cluster is a reflection of how much mitotic growth
the clone has undergone. We will be able to utilize this
information in order to make inferences about the nature
of the cellular growth that occurs in the liver.

Cellular Selection in the Liver: Inflammation. For many
years, it has been known that during an inflammatory
response, there are many changes in the liver’s pattern
of plasma protein synthesis. For example, Schreiber et
al. (23) has shown that in the rat, the inflammatory
response induced by an injection of turpentine causes,
over a 2-day period, a slight decrease in albumin synthe-
sis, and a 5- to 10-fold increase in fibrinogen synthesis.

During an inflammatory response, the number of al-
bumin-containing cells declines slightly, while the num-
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ber of fibrinogen-containing cells increases six-fold,
which parallels the liver’s overall levels of plasma protein
synthesis. (Fig. 4) (19, 20). It appears that this increase
in the number of fibrinogen-containing cells can be as-
cribed to selective cellular proliferation, as has been
determined from two types of experiments. First, there
is a dramatic increase in the average number of hepato-
cytes in the clusters of fibrinogen-containing cells, indi-
cating cell growth (Fig. 4). Apparently these clonal clus-
ters become larger because they have undergone mitotic
expansion. Second, the liver undergoes considerable he-
patocyte proliferation during an inflammatory response,
which has been detected by measuring uptake of a syn-
thetic DNA precursor, bromodeoxuridine. The bromo-
deoxuridine can be visualized histologically, and by this
method, it has been found that while there is a very low
level of mitotic activity in livers from normal rats, livers
from rats undergoing an inflammatory response contain
many mitotically active hepatocytes.

It is striking that, unlike fibrinogen-containing hepa-
tocytes, there is little change during inflammation in
either the total number or the average clonal size of
albumin-containing cells. In other words, the process of
inflammation leads to the selection by the survival and
mitotic expansion of a subpopulation of hepatocytes,
which include the fibrinogen-containing cells.

Cellular Selection in the Liver: Neonatal Development.
Early in life, a-fetoprotein is the principal plasma pro-
tein, whereas soon after birth, there is a gradual switch
from o-fetoprotein synthesis to albumin synthesis (24,
25). These biochemical changes are paralleled by equiv-
alent changes in the numbers of specialized hepatocytes
containing each plasma protein (Figs. 2 and 3) (19, 20).
Considerable numbers of a-fetoprotein-containing cells
are present in the livers of neonatal rats and mice; the
number of these cells declines as the animals mature,
while the number of albumin-containing cells rises from
being very rare to being the most prevalent plasma
protein containing cell in the liver.

It appears that the abundance of «-fetoprotein-con-
taining hepatocytes is a consequence of the rate of cell
division of these cells, relative to the other cells in the
liver. This was revealed from data on the number and
size of the clonal clusters of plasma-protein containing
hepatocytes (Fig. 5). For example, during the first few
weeks after birth, a-fetoprotein-containing cells are dis-
tributed into clusters that are very large in comparison
to albumin- or transferrin-containing clusters. However,
at about 2 weeks of life, just before the time when the
number of a-fetoprotein-containing cells drops precipi-
tously, the average size of the clusters of a-fetoprotein-
containing cells becomes much smaller. Apparently, early
in life, a-fetoprotein-containing cells are plentiful be-
cause they divide more rapidly than the other cells in the
liver, while they subsequent decline in number because
of their failure to divide as rapidly as the other hepato-
cytes in the liver (19, 20).

These observations suggest that the developmental
plasticity of the liver is mediated by differential cell
growth. This is apparent both in the changes in the
abundance of a-fetoprotein-containing cells that occur
during the neonatal period, and in the changes in the
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number of fibrinogen-containing cells that occur during
inflammation. Thus, like the immune system, the liver
appears to be a cellular population whose composition is
molded by a Darwinian process of cellular selection.

DEVELOPMENT OF THE GENITOURINARY SYSTEM

Cellular selection also appears to be at work in the
development of the genitourinary system (26, 27). The
rudiments of the reproductive structures of both sexes
are present in the early embryo. These rudiments may
be seen in the Wolffian and Mullerian ducts, and their
associated structures (Fig. 6). In female embryos, the
final sexual structures arise by differential cell growth
from a subset of these preexisting elements, particularly
the Mullerian ducts. The uterus, Fallopian tubes, etc.,
arise by selective proliferation of their rudiments,
whereas the rudiments of the male structures are not
subject to differential cell growth, and thus do not appear.
In male embryos, the reverse is true; small precursor
elements of the Wolffian ducts and their related struc-
tures give rise to the male sexual structures such as the
epididymus, the prostate, the seminal vesicle, etc., by
differential cell proliferation, whereas the precursors of

the female structures do not grow. Thus, the emergence
of anatomical structure is determined not by the creation
of rudiments, but in their realization by differential cell
growth (26, 27).

THE NERVOUS SYSTEM

It is not just the rough mass of each embryonic struc-
ture that is created by differential proliferation, but
specific anatomical detail as well. This is well illustrated
by the development of the nervous system. As Balinsky
(28) has described it, “when the neural tube is first
formed, its walls consist of a single layer of pseudostra-
tified epithelium” (28). The tube is initially uniform in
thickness. The various subdivisions of the neural tube
appear initially as local thickenings that subsequently
grow into the forebrain, midbrain, spinal chord, and so
on; these structures come into existence by a process of
differential proliferation in the neural tube. “The uneven
thickening of the neural tube. . . is a direct result of the
differential rate of proliferation. . . It has been observed
by Frank (29) that a local thickening of the neural tube
is actually preceded by an increase in the number of
dividing cells in the area where the thickening is to
appear” (28).
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F1G. 4. Changes in the abundance and clonal constitution of plasma
protein-containing hepatocytes during inflammation. A, Changes in
the abundance of albumin- and fibrinogen-containing cells after the
induction of an inflammatory response in rats by an injection of
turpentine. B, Distribution of fibrinogen-containing hepatocytes into

SELECTIVE PROLIFERATION IS A WIDESPREAD
OBSERVATION IN EMBRYOLOGY

Differential cellular proliferation is at work in many
additional developmental processes. The heart, limbs,
ear, liver, spinal cord, all begin as rudiments of small
numbers of cells, which come to form their prominent
structures by virtue of the simple process of growing
faster than the rest of the embryo (30-35). Note in Figure
7, which shows a progressive series of external images of
the chick embryo, how the emergence of the eye, the
head, the limbs and the tail all appear to occur by the
process of growing more rapidly than the embryo as a
whole. This differential, or allometric, growth occurs
throughout embryonic life, and provides a fundamental
mechanism for the creation of anatomical structure dur-
ing embryonic life (30-35).

single cells and clonal clusters of various sizes during inflammation.
Note that by 72 hours after the induction of the inflammatory response,
there is a the general increase in size of the clusters of fibrinogen-
containing cells, apparently by cell division.

THE VERTEBRATE LIMB

The creation of the vertebrate limb provides another
illustration of the role that selective cell growth plays in
the creation of anatomical structure. The limb traces its
development to a small number of cells, called the limb
bud. As noted above, the limb itself comes into existence
from this bud by the simple mechanism of growing faster
that the rest of the embryo (Fig. 7). This differential
growth occurs at the growing edge of the limb, and Ede
has found that the rate of cell replication, as measured
by autoradiography, is greater in this growing portion
than elsewhere in the limb. (36)

After the period of selective growth that creates the
mass of the limb, condensations of bone-forming and
muscle-forming cells appear roughly in the general pat-
tern of bones and muscles which will constitute the
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mature limb. It appears unlikely that limb morphogene-
sis occurs by a process in which the undifferentiated
mesodermal cells are signaled to become muscle or bone,
for the simple reason that undifferentiated mesenchymal
cells with potential to become either myogenic or chon-
drogenic do not exist in the limb (2, 3, 37). In fact, the
two cell types appear to be derived from entirely separate,
noninterconvertable, cell lineages, which trace their
origins to different regions of the embryo (2, 3, 38, 39).
Thus, the mesoderm of the limb bud is a salt-and-pepper
mixture of cells with distinct developmental potentiali-
ties.

The appearance of limb structure out of the macro-
scopically homogeneous, but cellularly diverse, meso-
derm of the limb bud seems to arise by a process of cell
selection, which takes the form of differential cell death.
The signs of this selective process are apparent in the
massive amounts of cell death throughout the developing
limb (Fig. 8). Large areas of this cell death occur at the
front and back of the limb bud (the anterior and posterior
necrotic zones) and in the central area (the opaque patch)
(37). This cell death may well be the selective elimination
of chondrogenic cells, since bone will later appear only
in those areas where cell death does not occur (2). It
might be said, then, that cell death does not arise as a
result of limb development; limb development arises as
a result of cell death.

SELECTIVE CELL DEATH IS A WIDESPREAD
OBSERVATION IN EMBRYOLOGY

Massive amounts of cell death, such as in the morpho-
genesis of the limb, is a common occurrence in develop-
ment (42-59). Glucksman (42), in his early review of this
subject, enumerated 74 separate examples of cell death
during embryonic life. Cell death occurs right from the
very earliest period of embryonic development, at the
time when the primary germ layers arise (45), and con-
tinues throughout embryonic life. Examples of this cell
death include destruction of larval structures during
tissue reformation in insect and amphibian metamor-
phosis, closure of the palate, invagination of the optic
cup, shaping of the nose, creation of the digestive tract
and heart, and formation of the nervous system (2, 3,
42-59). Overall, then, cell death occurs throughout de-
velopment, and it is hard to escape the impression that
the embryo is one massive cellular battlefield, with the
winners feeding off of the losers.

SELECTIVE INTERACTIONS

If there is any single theme in vertebrate embryology,
it is induction, the principle of one embryonic tissue
influencing the fate of another tissue. The embryologic
data, however, do not indicate whether induction is me-
diated by the influence of the inducing tissue on the
cellular phenotypes of the target population, caused by
instructive alteration of gene expression, or on the cell-
ular composition of the target population, caused by
selective growth or death. In fact, much of embryogenesis
can be interpreted in the light of the latter possibility.

Many observations made over the last few years have
implicated the role of growth factors in inductive proc-
esses (60-66). For example, there have been a number of
findings that suggest that retinoids play an important
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role in limb morphogenesis (40, 64). These findings are
suggestive of limb morphogenesis as a selective process,
as these compounds are well-known tissue-specific
agents of both differential cell growth and death (64).
Perhaps the most dramatic example from experimental
embryology may be seen in the involvement of growth
factors in the early development of the amphibian em-
bryo, where a number of the earliest inductive events of
development appear to be associated with, and indeed
may be caused, by a variety of growth factors, a half a
dozen-or-so specific examples of which have been iden-
tified (65, 66). The most straightforward interpretation
of these observations is that the action of these proteins
is mediated through their capacity as growth factors, that
is, as agents of selective cell growth. As Gurdon has
written “growth factors may act as survival factors, en-
abling cells with certain dispositions to proliferate” (66).

THE POTENTIAL OF SELECTION FOR
CREATING ORDER

Biologic populations molded by natural selection may
“sometimes” come to highly ordered and stable equilib-
ria. (The “sometimes” is an important qualification,
which we will return to below). We know from the basic
facts of biology (1), and from the theoretical body of
work in mathematical ecology (67-70), that balanced
ecological communities can be created by selection. Nat-
ural populations, whether they are complicated multi-
species communities or simple two-species predator/prey
populations, may come to stable equilibria by the bal-
ancing effect of selection alone.

The potential of selection to generate biologic order
applies not only to natural systems comprised of multi-
cellular organisms, but also to ecological communities
made up of single cells. Wimpenny et al. (71), for exam-
ple, has shown experimentally that cultures of bacteria
in a semisolid medium may grow to yield highly ordered
and reproducible patterns visible in three dimensions.
The communities of cells within multicellular organisms
may also generate such highly ordered systems. This has
been shown theoretically by Swindale (72) who demon-
strated with an idealized computer model of cells inter-
acting by selection alone, that a selective system of
mammalian cells may give rise to a stripped pattern,
such as in a zebra’s stripes or in the stripped pattern of
innervation in the visual cortex. Thus, as shown experi-
mentally by Wimpenny, and theoretically by Swindale,
the emergence of form may be a spontaneous conse-
quence of selection, resulting directly from the internal
dynamics of the selective process, without requiring any
external guidance or information.

The properties of selective systems have been accu-
rately simulated as one example of a large class of model
systems, in which order arises arise under nonequilib-
rium conditions. These nonequilibrium structures have
been called dissipative structures. The first example of a
idealized system in which structure may arise under non-
equilibrium conditions was proposed by Turing (73), in
the reaction-diffusion model of morphogenesis, and in
recent years, a variety of such non-equilibrium structures
have yielded to mathematical modelling and computer
simulation. Whirlpools, weather patterns, convection,
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F1c. 5. A, Changes with age in the clonal constitution of plasma
protein-containing hepatocytes. Shown is the distribution of a-fetopro-
tein- and albumin-containing hepatocytes into single isolated cells and
clonal clusters of various sizes, as seen in livers from rats of various
ages. B, Estimation of relative rates of cell growth of various types of
plasma protein-containing hepatocytes throughout life. Displayed are
the relative rates of cell division of a-fetoprotein- and albumin-con-
taining cells in the rat, calculated from data on distribution of these
hepatocytes into single isolated cells and clonal clusters of various sizes.

heart-beats, the clustering of asteroids, have all proved
susceptible to this type of analysis (74-78). These dissi-
pative structures share a number of characteristic fea-
tures; they contain the seemingly antagonistic tendencies
toward both order and spontaneity (74-78). Dissipative
structures arise without any pre-plan. That is to say,
although the final structure that arises in a non-equilib-
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Note that the growth rate of a-fetoprotein-containing cells exceeds
that of and albumin-containing cells in 26 of 28 rats 16-days-old and
less, while the growth rate of albumin-containing cells exceeds that of
a-fetoprotein-containing cells in 7 of 8 rats older then 16 days of age.
Apparently, the presence of large numbers of «-fetoprotein-containing
cells early in life can be ascribed to their high mitotic rate at this time,
whereas the decline with age in the abundance of these cells appears
to be caused by their subsequent failure to divide as rapidly as the
other hepatocytes in the liver.

rium system are determined by initial conditions, there
is no obvious information in the initial conditions in
which we can find an image of the final structure.

HEALTHY POPULATIONS, SICK POPULATIONS

As we noted above, selection is a mechanism that
generates order, but only sometimes. Theoretical meth-
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F1G. 5. (cont’d)

ods in ecology allow us to determine this sometimes
quality of selective systems, that is to determine if the
details of selection lead to an equilibrium, and if so,
whether that equilibrium is stable or not. (To visualize
the difference between a stable and an unstable equilib-
rium, an egg at the bottom of a bowl is at a stable
equilibrium, while an egg balanced on the point of the
Washington Monument is at an unstable equilibrium.)

If it is possible to think about a person as an ecological
population of cells, might we not think about a healthy
person as a stable population of cells at equilibrium? On
the other hand, might we not be able to think of a patient
with a growing tumor, or a malnourished child with a
failure to thrive and grow, as unstable, nonequilibrium
populations?

Consider the simplest model of population structure,

the growth of a population until the resources of the
population are totally utilized. It has been useful to think
about such a simple ecosystem as an S-shaped curve.
The simplest mathematical expression of this simple
system is the logistic equation, where the rate of growth
= rn - rn?/k, where r is the intrinsic rate of growth of
the population, n is the number of individuals in the
population and k is the maximum number of individuals
that can be sustained by the environment. All popula-
tions that grow according to this growth law have an
equilibrium that will be reached when the population
grows to a size of k individuals. However, as May (67—
70) has shown, depending upon the specific growth val-
ues, particularly of r, the equilibrium can be stable or
unstable. Generally, high values of r lead to unstable
equilibria while low values of r yield stable equilibria.
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FiG. 6. Schemic illustration of the development of sexual structures
in the rabbit. Only the posterior region shown. Mullerian duct (dense
stipling), Wolffian Duct (light stipling), urogenital sinus (white). From
Jost (26, 27).

Furthermore, when provided with additional informa-
tion, such as the generation time, and the specific death
and birth rates, it is possible to calculate the domains of
stability and instability precisely.

May’s analysis of the stability properties of popula-
tions has revolutionized ecology. The main limit to the
application of this theory has been a scarcity of data.
Ecological population data is enormously time-consum-
ing and expensive to collect. Data on metazoan cellular
populations may be far more easily assembled. Thus, not
only does ecology have much to tell us about immunology,
anatomy, and embryology, but immunology, anatomy,
and embryology might also have much to tell us about
ecology.

We have at our disposal a powerful theory that permits
us to identify the stability properties of ecological popu-
lations. Perhaps this knowledge can be applied to the
dissection of metazoan cellular biology. As in May’s
analysis of the stability properties of populations growing
according to an S-shaped curve, there might be nothing
obvious about the conditions that distinguished between
a stable and an unstable outcome, but numerical methods
might permit us to determine in advance the potential
for stability (67-70). For example, if a patient with a
tumor is a population of cells that is neither at equilib-
rium nor stable, is a patient with a pre-neoplastic con-
dition a population of cells that is at an unstable equilib-
rium? Is the immune system of an individual with a
genetic predisposition to autoimmune disease a popula-
tion of immune cells at an unstable equilibrium? Might
it be possible nudge these unstable populations into
states of stability?
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F1G. 7. Stages of development of a chick. From Balinsky (28).

THE EVOLUTION OF SELECTION

GROUP SELECTION

Selection may seem, at first glance, to imply a desper-
ate, selfish, struggle for survival, which does not match
the commonplace biologic reality of cooperation and
group behavior. How can selection and group behavior
be reconciled? The answer to this problem lies in the
fact that not only are self-centered genes favored by
selection, but generous genes as well, if they rely upon
the devious path of perpetuation through closely-related
individuals. It may sometimes be better to help your
children than to eat them. This concept of group selec-
tion was first proposed by Darwin, in order to explain
the existence of sterile workers in colonies of social
insects (79-85).

Of course, in order for a gene is perpetuated by group
selection, the adaptive cost of the gene to the individual
must be balanced by the likelihood that the gene will be
perpetuated through a related individual. A familiar ex-
ample might be the duplication and mutation of the
lysozyme gene that occurred in the reptilian ancestors of
the first mammals, which would become the a-lactoglob-
ulin gene of milk (94). We may presume that the new,
proto-lactoglobulin gene was favored by evolution, not
because it helped the mother (in fact, it came with a
definite cost) but because it favored the survival of the
mother’s offspring. Genes such as «-lactoglobulin will be
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PNZ
F1c. 8. Development of the chick wing, showing areas of highest
cell death (black) and areas of chondrogenic condensation (grey). ANZ,

anterior necrotic zone; PNZ, posterior necrotic zone; OP, opaque patch.
From various sources, see Michaelson 1987 for references (2).

favored because they are perpetuated through the off-
spring, and similar genes will also be favored, although
with less intensity, if they are perpetuated through more
distantly related individuals. Thus behavioral genes,
such as those that lead a mother to suckle both her own
offspring and her sibling’s offspring, will be favored, and,
in fact, such behavior is known in mice.

GROUP SELECTION HAS LEAD TO THE CREATION
OF HIGHER LEVELS OF BIOLOGIC ORGANIZATION

While the simplest, solitary, organisms may adapt by
relying exclusively upon self-centered genes, extroverted
organisms depend upon the force of group selection.
Indeed, the very existence of group entities in biology
can be traced to the evolutionary potential of group
selection. Thus genes such as a-lactoglobulin make pos-
sible the entity of the family, while genes, such as those
leading to foster-suckling, bring larger scale groups into
being, in this case the deme.

Among unicellular organisms, group selection favors
genes that limit individual reproduction, when this lim-
itation favors the survival of the population as a whole.
Yeast, for example, when the food supply becomes lim-
ited, do not engage in a desperate struggle for survival,
but rather restrict their growth (86, 87). Presumably, this
protects the local population, the shared gene pool, from
the extinction that might result from the fratricidal
struggle of individual cells.

THE CELL 1S THE FUNDAMENTAL UNIT OF
SELECTION

All group entities in biology are built up from cells,
however diffuse these populations of cells might be: 10°
cells in an ant, 10° cells in an ant colony, 10 cells in a
person, or 10*! cells in the species of humans. These
group entities of cells—organisms, kin groups, demes,
species, and so on—may well have come into being by
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the action of the group selection of cells, and are them-
selves subject to selection. Thus, an insect colony, such
as a bumblebee nest, comprised of the offspring of a
single queen, may be viewed as a single “diffuse orga-
nism”, a thousand insects, or a billion cells (79, 83). A
lichen plant may appear to be a single organism, but it
is, in fact, an ecological community composed of two
separate species, an algae and a fungus (88). It is only by
a matter of convention that we consider each of ourselves
to be a single individual rather than a colony of a trillion
cellular organisms, or that we regard that peculiar clonal
entity known as identical twins to be two separate orga-
nisms.

THE ORIGIN OF MUI’,TICELLULARITY

Multicellular life is a relatively recent arrival in the
history of life. Fossil evidence of unicellular organisms is
at least 3 billion years old, yet the first metazoan fossils
are only about 600 million years old (89-93). Earlier
examples of multicellular life are hardly older than a
billion years (114). Thus, for most of its history, the
biologic world has been a world of unicellular organisms,
a world exclusively ordered by the Darwinian struggle of
cells.

It is easy to see why the first multicellular organisms
might have had selective advantages over the unicellular
organisms of the precambrian world; after all multicel-
lular organisms are more flexible, versatile, resilient, and
above all else, larger than unicellular organisms. How
might such a desirable end have been achieved? We have
seen how higher levels of cellular organization may ap-
pear among populations of unicellular organisms, such
as yeast, by the mechanism of the group selection of
cells. Group selection is strongest when acting upon
closely related individuals, and this provides a powerful
evolutionary force for the “walling of” these populations.
Perhaps metazoans are one encapsulated version of such
populations (95). If they are, then perhaps the essence
of metazoan organization may be found in the internal
domestication of the Darwinism, of the transformation
of the natural selection of cellular populations into the
cellular selection of metazoans.

DIVERSIFICATION

As we have seen, the population of cells that make up
the metazoan body may be viewed much like any popu-
lation of biologic organisms. Can the Darwinian lessons
of natural populations tell us anything about the origin
of cellular diversity in the cellular populations of em-
bryos? In natural populations of organisms, heritable
diversification arises by a variety of mechanisms that are
stochastic. Here I am using the term stochastic according
to its usage in probability and statistics, where it is
defined as describing those processes that are probabilis-
tic and occur over time (11, 12). In natural populations,
these stochastic processes include, mutation, deletion,
duplication, meiotic recombination, and independent as-
sortment. Surprisingly, it has been found that, like these
Darwinian events of heritable diversification, many of
the events of cellular diversification that occur in embry-
onic populations are also stochastic in character (2, 3,
96-107).
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THE STOCHASTIC BASIS OF HERITABLE
DIVERSIFICATION IN THE IMMUNE SYSTEM

The classic example of a stochastic process of cell ’

diversification occurs in the immune system. Indeed, cell
selection is possible as a mechanism for the generation
of antibody production because the immune system con-
tains a preexisting cellular diversity of lymphocytes upon
which selection may draw. This cellular diversity is cre-
ated by a stochastic process of immunoglobulin gene
assembly and scrambling. Thus, the immune system
seems to have taken a leaf from the natural world, where
genetic innovation created by heritable diversification
arises by a variety of stochastic processes.

Of course, it might reasonably be viewed that the
stochastic quality of cellular diversification that occurs
in the immune system is a consequence of the immune
system’s unique process of immunoglobulin gene assem-
bly. Nonetheless, although the process of gene recombi-
nation and scrambling is probably specific to the immune
system, the more general stochastic kinetics that char-
acterize the generation of lymphocyte diversity have been
found in the generation of cellular diversity in a variety
of developmental systems (2, 3, 96-107).

THE STOCHASTIC BASIS OF HERITABLE
DIVERSIFICATION IN THE LIVER

As noted earlier in this review, the hepatocytes of the
liver possess a cellular heterogeneity, which may be vis-
ualized by immunofluorescence with antisera to plasma
proteins (Fig. 1). It appears that this cellular heteroge-
neity of hepatocytes is generated stochastically. The
simple fact that albumin, and other plasma proteins, are
each present in small, separate, subpopulations of hepa-
tocytes, is consistent with a stochastic model, in which
activation of each plasma protein gene occurs with a
probability 1/p, the value of which is specific for each
individual plasma protein gene. According to such a
model, the probability of two copies of a gene being
activated simultaneously in a single cell will be the much
smaller value (1/p)?. Of course, mice, being diploid or-
ganisms, possess two copies of each autosomal gene, and
thus the stochastic model would predict that it would be
much more likely for only one allelic form of a plasma
protein gene to be expressed in a single cell than for both
genes to be expressed. This is precisely what has been
found with respect to the gene for albumin (19, 20).

Methodologically, this manifestation of the stochastic
process of hepatocyte diversification was detected with
an antiserum that reacts with just one of two allelic
forms of albumin in the mouse. In the mouse, there are
two allelic form of albumin, named Alb-1° and Alb-1° (4).
Alb-1° mice were immunized with albumin from Alb-1°
animals, and this resulted in an antiserum, Anti-Alb°,
which reacts with albumin of Alb-1° genotype. The re-
activity of this antiserum provided direct evidence that
most cells expressing albumin are, in fact, expressing
only one of the two allelic genes of albumin, as indicated
by the observation that Anti-Alb® reacts with only half
of the albumin-containing cells in the livers from Alb-
12/Alb-1¢ heterozygous mice (Fig. 1e and f). Apparently,
then, albumin gene activation occurs by a process that is
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stochastic, as made visible in the independent expression
in single cells of each of the two allelic genes for albumin.

Stochastic processes display a second diagnostic fea-
ture, which can be detected if these processes are followed
over time. As a general matter, stochastic models do not
require 1/p to be constant, but the stochastic processes
familiar in natural populations, such as meiotic recom-
bination, independent assortment and mutation, display
this property. Stochastic models of this type are called
by the somewhat incongruous name stationary stochastic
processes, and may be detected by determining whether
the value of 1/p remains constant over time. That is, if
activation of a gene occurs with a constant probability
of 1/p, occurring as a function of time t, then it follows
that the total number of cells expressing that gene will
be (1/p % t), which, when graphed, will appear as a
straight line intersecting the origin. In fact, the accu-
mulation of cells expressing the albumin gene in the liver
conforms quite closely to this expectation (Fig. 3).

By measuring the slope of the (1/p X t) line, it has
been possible to derive an estimate of the value of the
probability, 1/paw. As shown in Figure 3, in the rat,
1/paw has a value of ~1/20,000, that is, each day, each
uncommitted hepatocyte has a 1/20,000 chance becom-
ing committed to the expression of albumin.

To summarize, then, the hypothesis that the creation
of albumin-containing cells is a stochastic process is
supported by two observations. First, it appears that
each albumin gene activation event occurs independ-
ently, as revealed in livers from Alb-1°/Alb-1° heterozy-
gous mice. Second, the rate at which albumin-containing
hepatocytes are created is constant throughout life.

THE CELL-HERITABLE FEATURE OF THE LIVER’S
PROCESS OF DIVERSIFICATION

Plasma protein-containing hepatocytes are present in
the liver both as individual cells and as clusters of mul-
tiple adjacent cells (Fig. 1d). Analysis of the clusters of
albumin-containing cells in Alb-1°/Alb-1° heterozygous
mice indicated that these clusters are clonal. Thus, al-
though some clusters in these mice are Alb®*, and some
Alb®, within each cluster there is no variation. Presum-
ably, each cluster is a clonal group. That is, each cluster
is the mitotic product of a single progenitor hepatocyte.
This progenitor may become committed either to express
the Alb-1° gene or not, but whatever option is taken, that
property is inherited by the progeny of the progenitor
cell. In other words, albumin gene expression, once
achieved, becomes a cell-heritable property.

STOCHASTIC GENERATION OF CELLULAR
DIVERSIFICATION IN OTHER SYSTEMS

The stochastic quality that is characteristic of the
cellular diversification in the immune system and the
liver, has also been found in a variety of other events of
cellular diversification. The first, and perhaps best
known, identification of this stochastic quality was car-
ried out by Till, McCollough, and Siminovitch (96), with
respect to the creation of hematopoietic stem cells by the
blood-forming tissues. Subsequently, the generation of
cellular diversity has been found to occur stochastically
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in a number of additional instances, including melano-
genesis (97), globin gene expression (98, 99, 100), myo-
genesis, (101), and terminal differentiation (102).

The stochastic activation of individual genes, such as
that which we observed for albumin genes, has also been
observed in a variety of other systems. For example, the
independent expression of allelic forms has been found
to occur for a number of coat color genes, and is apparent
as a patchy or variegated appearance in the pelt of
heterozygous animals. This has been observed for coat
color genes on half a dozen autosomes in the mouse, as
well as for a variety of autosomal genes in guinea pigs,
cattle, rabbits, dogs and pigs (see 2 and 103-105 for
references). Independent expression of allelic genes has
also been observed for globin genes, in the erythroid
precursors from children heterozygous for a fetal globin
genes. Apparently the two allelic forms of a fetal globin
gene are not expressed coordinately in the progeny of
single cells (106).

The stochastic quality has also been found in another
aspect of gene expression, in DNA methylation. Silva
and White have followed the creation of the cell-heritable
acquisition of methylation at specific sequences, and
have, in fact, found the acquisition of a methylated state
to occur stochastically (107).

STOCHASTIC GENE ACTIVATION AND GENE
EXPRESSION

The possibility that any aspect of gene expression may
begin with an initial step that is stochastic may seem, at
first glance, to be at odds with the striking order, which
characterizes metazoan gene expression. Of course, part
of this order may well be traced not to gene expression
itself, but to the subsequent action of cellular selection.
Furthermore, the stochastic quality that occurs during
development may be only the first of many steps in the
expression of genes. This first stochastic step appears to
determine the cell-heritable component of gene expres-
sion (108), but there must certainly be other aspects of
gene regulation that are reversible. It can hardly be
doubted that once gene expression has begun, it is then
subject to other levels of regulation, which are dependent
upon environmental signals (109).

WHAT 1S THE MEANING OF STOCHASTIC QUALITY
OF CELLULAR DIVERSIFICATION?

The stochastic quality that is present in these proc-
esses of heritable diversification may seem strange and
unlikely. There is, however, a fundamental physicochem-
ical basis for suspecting that this might not, in fact, have
been otherwise. The stochastic quality may be traced to
a rather unusual realm of chemistry, the chemistry of
single chemical events.

Most physicochemical processes are not stochastic in
character, but are deterministic, that is to say, are ruled
by cause and effect. There is, however, one area of
physical behavior, to which the chemistry of single chem-
ical events belongs, that is intrinsically stochastic; the
domain of those physical process that involve change in
the state of single atomic or subatomic elements. We
recognize that the decay of an individual radioactive
atom is random; we can not predict when the atom will
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decay, although we may model its behavior probabilisti-
cally and calculate the value of the probability of its
decay for any given time. In the 1930’s it was proposed
that not only radioactive decay, but all of the elemental
processes that involve the absorption or release of single
quanta of energy, display this stochastic quality (110-
113). While there were initially doubts as to the correct-
ness of this concept (doubts about whether there really
is a “God who plays dice” (78)), the empirical verification
of this theory has been amply substantiated over the
past 60 years. Accordingly, it is now generally held that
all events that occur by the release or uptake of individual
quanta of electromagnetic radiation, such as the change
in the energy state of an electron, are fundamentally and
irreducibly probabilistic (110-113).

If we could watch a single chemical event, such as the
decay of a single molecule, we would find that the break-
down of this molecule would be well described by prob-
ability. The decay of a single molecule of H;0,, would
provide a nice example of such a stochastic process. In
large part, this stochastic quality may be ascribed to the
random molecular motion of molecules, that is, the ther-
mal quality of matter. However, even if we could isolate
our molecule from this random noise, that is, if somehow
we could “hold” the molecule in a molecular “tweezer”,
and observe its breakdown in isolation from thermal
processes, we would still find that the breakdown of the
molecule is utterly unpredictable. This is because the
breaking of every chemical bond is a change in the energy
state of a electron, and, as noted above, such quantal
changes are inherently and irreducibly probabilistic
(111-113). It is for this reason that single chemical events
invariably display this characteristic stochastic quality.

Ordinarily, the stochastic feature of single chemical
events has such a marginal effect on chemical processes
that we may ignore their influence. In the chemical
experiments that we usually carry out, we almost never
see the effect of such single chemical events, because we
observe bulk properties of enormous number of mole-
cules. These bulk reactions of many molecules “smooth
out” the stochastic unevenness of the individual mole-
cules. However, the chemistry of nucleic acids is strik-
ingly different in this regard, because all changes in the
physicochemical state of nucleic acids are changes in or
at single base pairs. Each nucleotide is like our molecule
in a “tweezer”, and the processes of life make visible the
stochastic chemistry of each of these nucleotides. A child
with the sickle-cell trait may have a disease that can be
traced to a mutant globin protein, then to an altered
amino acid, then to a change in a single nucleic acid
residue, a change that is intrinsically probabilistic in
character. Living things make the ultrafine stochastic
graininess of the physical world visible on a macroscopic
scale.

The fact that the chemistry of the genome is the
chemistry of single chemical events insures that all
changes in the state of the genome are stochastic. This
is equally true whether the genomic change is mutation,
methylation, or the noncovalent interaction of a partic-
ular DNA sequence with a regulatory molecule. Seen in
this light, the many observations of stochastic gene ac-
tivation no longer seem to be quite so strange, but appear



Vol. 69, No. 2, 1993

to be the biologic manifestations of stochastic chemistry
of single chemical events.

THE USEFULNESS OF CHANCE

These stochastic changes in the genome, of which
mutation is the most familiar example, are not simply
accidents of nature, but provide the basic innovations
upon which evolution depends. In fact, the resulting
diversity is so useful to biologic adaptation that a variety
of mechanisms have been developed that exploit this
basic stochastic tendency of the genome. Sex, for exam-
ple, with meiosis, independent assortment, and so on, is
an elaborate mechanism that uses this inherent propen-
sity for generating diversity. When the need is for variety,
biologic systems have, time-and-time again, turned to-
wards the natural stochastic tendency of nucleic acids.
We have certainly seen this in the immune system.
Perhaps the need for cellular variety in the early embryo
has also been met by exploiting this essential stochastic
quality of the genome, in order to provide the cellular
diversity upon which selection depends.

SELECTION MAKES STOCHASTIC GENE ACTIVATION
A PRACTICABLE METHOD OF CELLULAR
DIVERSIFICATION

At first glance, it may appear that a system of cellular
differentiation based on stochastic gene activation would
be enormously messy and inefficient. For example, as
described above, albumin gene activation appears to oc-
cur with a probability 1/pa.n, = 1/20,000. For any gene
with such a probability value, only about .005% of cells
will come to express the gene by the action of stochastic
gene activation alone. However, if those few cells are
selected (dividing every 8 hours), by 5 days the cells
expressing the gene will constitute 50% of the population,
by 6 days 85%, while by 7 days 98% of the population
will express the stochastically activated gene. The enor-
mous biotic potential of development makes the equally
enormous inefficiency of stochastic gene activation a
feasible mechanism of cellular diversification.

THE DARWINIAN WORLD WITHIN

As we have seen, two forces appear to be at work in
the creation of cellular order: diversification and selec-
tion. The diversification that occurs during embryonic
life appears to be cell-heritable and stochastic, and acts
to create the many types of new cells that arise during
developmental life. The cell selection of embryonic life
appears to act in the creation of the order that arises
during development. Immunologists have long found
these forces to be at work in the development of the
immune response, but these same Darwinian processes
also appear to be at work in the liver, and in the many
details of embryogenesis. Group selection provides an
evolutionary mechanism by which the precambrian pop-
ulations of unicellular organism may have evolved into
the modern populations of metazoan cells. In short, each
embryo appears to be a miniature version of the Darwin-
ian world, in which the stochastic instability of DNA
provides for the stochastic generation of cellular diver-
sity, and in which the Darwinian sele¢tion of cells pro-
vides for the organizing mechanism of development.
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