THE NINTH
FREDERICK H. VERHOEFF
LECTURE
THE LIFE HISTORY OF RETINAL CELLS*

BY Richard W. Young, PHD (BY INVITATION)

IT IS A GREAT HONOR TO HAVE BEEN GIVEN THE PRIVILEGE OF DELIVERING THE
Frederick H. Verhoeff Lecture to the American Ophthalmological Soci-
ety—the first national society to be devoted to a special branch of medi-
cine in this country.! Doctor Verhoeff was a prominent member of this
society for 63 years.? In this lectureship, initiated in 1961, it was envi-
sioned that the speakers would be “animated by his ideals to the end that
the name of Verhoeff will always be revered.”

The opportunity to present the Ninth Verhoeff Lecture represents a
peak experience in my life in science, which now spans a quarter of a
century, and thereby overlaps the period of Verhoeff’s career. My
theme—the life history of retinal cells—is a topic with a long tradition,
and one that Verhoeff would certainly have found familiar. Nevertheless,
I suspect that much of my presentation would have sounded strange to
Verhoeff and his contemporaries. In the last 25 vears we have lived
through a revolution in biological science that has irrevocably changed
the perspective with which we view and interpret the traditional prob-
lems. Important new theories, which did not exist in Verhoeff’s day, have
altered our concept of the nature of life itself.

I propose to describe the life history of retinal cells as consisting of
three stages: a stage of multiplication, in which all of the cells repeatedly
divide; a stage of differentiation, in which the homogeneous population is
transformed into a complex network of heterogeneous cells; and a stage of
renewal, in which nothing seems to change at all. The first stage is
characterized by the primitive, repetitive mitotic cycle, which in the
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retina takes place with a curious, back-and-forth “elevator movement.”
Next, the cells stop dividing forever, and embark upon a rebuilding
process which creates an impressive variety of cells of strikingly different
sizes and shapes. Finally, in the last and longest stage, the apparently
stable structure of the mature retina proves to be in continual flux, with
each cell engaged in an endless process of self-reconstruction.

STAGE OF MULTIPLICATION

The mature ovum accumulates beyond its own needs fundamental cell
constituents (such as mitochondria and ribonucleic acid [RNA]) which can
be used for the construction of other cells. Deoxyribonucleic acid (DNA)
is not stored, however, so that when mitosis is activated by fertilization,
the egg undergoes a series of rapid divisions, separated by intervals only
long enough to permit the replication of the genetic material.*” During
this process, the cells progressively diminish in size, although each re-
tains a full complement of chromosomes (Fig 1). The rate of cell division
soon decelerates, and within a few days the size of new cells becomes
stabilized. The expanding population then gradually arranges itself in
various sheets and masses through a series of “morphogenetic move-
ments,” but the metabolism of each cell continues to be devoted primarily
to self-reproduction.

In the anterior part of the primitive embryo, the cells form a tube, the
future forebrain, from which two stalks emerge.® These invaginate to
form cup-shaped structures (Figs 2 and 3) in which the inner layer repre-
sents the future neural retina (Figs 3 and 4). It consists entirely of elon-
gated ventricular cells® aligned in parallel, and capped by a single row of
spherical cells undergoing mitosis. This is not a layer of specialized “stem
cells.” On the contrary, all of the cells are homogeneous and proliferat-
ing.1®13 In a peculiar process typical of the developing central nervous
system, the cells shift position as they traverse the cell-division cycle. A
cell newly formed by mitosis in the outer layer elongates until its inner
cytoplasmic process reaches the vitreal surface and its nucleus is situated
nearby. The opposite cytoplasmic strand remains permanently attached
to adjacent cells at the ventricular surface. Next, the chromosomal DNA
is duplicated, the cell detaches its inner cytoplasmic process, and grad-
ually contracts itself into a sphere, progressively pulling its nucleus to the
ventricular edge, where the cell undergoes mitosis. The two daughter
cells then elongate, and the process begins anew (Figs 5 to 7).1418

All of the ventricular cells are engaged in the same repetitive, cell-di-
vision cycle, but they are not synchronized. All phases of the cycle are in
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FIGURE 1
Early stages in the development of mouse embryo from fertilized ovum (upper left) to
gastrula (lower right). Note progressive reduction of cell size. All cells are mitotically active.
(Drawing modified from Rugh,1968.%)

progress simultaneously in different cells and in different layers: the
population of homogeneous cells is metabolically stratified (Fig 7).

As the number of cells increases (Fig 8), the back-and-forth movement
gradually slows. In the embryonic mouse at 7 days, the duration of the
total mitotic cycle in ectoderm is 6 hours.!® By 10 to 11 days, a new
generation of cells is produced in the retina every 9 to 10 hours.?*2! In
the 15-day embryo, 20 hours elapse between mitotic divisions of retinal
ventricular cells.?? Five days later (1 day after birth), the cell generation
time is 30 hours.2® The progressive increase in duration of all phases of
the cell-division cycle (Fig 9) appears to be a general rule in embryonic
tissues, 19:24-26

Ever more slowly the cells traverse the increasingly thicker layers of
nuclei until a point is reached, determined separately in each cell, when
mitosis ceases. In the mouse, cell division stops entirely in the center of
the retina on about the sixth postnatal day; within 4 more days it has
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FIGURE 2 FIGURE 3
The optic cup. A portion of side of cup has Optic cup in a 12-day mouse embryo. In-
been removed to show two layers of cells. ner layer is comprised of proliferating ven-
Inner laver (right) will form neural retina. tricular cells (v) (toluidine blue, x 850).

terminated throughout the retina. The postnatal decline in the number of
dividing cells is very rapid, but this is only the final part of a trend that
begins at a slower pace considerably earlier—soon after the formation of
the optic cup.?"?® Ultimately, not a single mitotically-active ventricular
cell remains. The process of mitosis which completely dominated the
metabolism of the cell lineage from the very onset of embryological
development ceases forever. This marks the end of the stage of multipli-
cation.

STAGE OF DIFFERENTIATION

The stage of differentiation overlaps the stage of multiplication, but in the
life history of each cell, mitosis and differentiation are mutually exclusive.
The first readily visible sign of the onset of differentiation is the appear-
ance along the inner surface of the presumptive retina of nuclei that are
larger and paler than those of the ventricular cells (Fig 10). In the mouse,
these cells—future ganglion cells—begin overtly to differentiate in the
center of the retina at about the 13th day of embryonic development. The
process continues for several days, gradually progressing toward the pe-
riphery. While this is taking place, other types of retinal cells also begin
to differentiate.

Soon after ganglion cells are first discernible, nuclei situated on the
inner edge of the ventricular layer begin to take on pale-staining charac-
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FIGURE 4
Ventricular cells in 12-day mouse embryo optic cup. Cells undergoing mitosis (arrows) are
situated in outer layer. Uppermost is single layer of pigment epithelial cells (toluidine blue,
X 850).

teristics which signal the onset of amacrine cell differentiation (Fig 11).
The recruitment of amacrine cells from the ventricular cell population
also continues for an extended period, overlapping the onset of visible
differentiation not only in ganglion cells, but also of horizontal cells,
which in the mouse are clearly evident at the time of birth (Fig 11). At
first in the center of the retina (4 to 8 days after birth), then spreading to
the periphery, the remaining specialized cells of the neural retina begin
to appear. Practically simultaneously, rods, cones, bipolars and Miiller
cells can suddenly be distinguished (Figs 12 and 13). Differentiation, like
the cessation of mitosis, begins gradually and finishes rapidly.

Although in each species of vertebrate animal there is a consistent
sequence in which different kinds of cells appear, there are some differ-



FIGURE 5
Cell division (arrow) takes place along
outer edge of developing retina. In con-
trast, DNA synthesis prior to mitosis oc-
curs in nuclei situated deep within popu-
lation of ventricular cells, as shown by
presence of labeled cells in 1-day-old
mouse 45 minutes after injection with ra-
dioactive thymidine (a specific DNA pre-
cursor) (autoradiogram, toluidine blue, X
850).
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FIGURE 6
Seven hours after injection of radioactive
thymidine, many nuclei containing la-
beled DNA have moved to outer edge of
retina and are undergoing mitosis (auto-
radiogram, toluidine blue, x 850).

FIGURE 7
Diagram showing back-and-forth move-
ment of ventricular cells during mitotic
cycle. After completing DNA synthesis
(S), cells migrate outward (Gy) and con-
tract into a spherical shape for mitosis (M).
Next, in G, phase, cells elongate, and
their nuclei return to inner layers of de-
veloping retina.
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FIGURE 8
Thirteen-day mouse embryo, presumptive neural retina. Note increased number of ventric-
ular cells (compare with Fig 4). There is as yet no visible cell differentiation (toluidine blue,
X 850).
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FIGURE 9
Pace of cell-division cycle grows progressively slower during embryological development of
mouse retina.
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FIGURE 10
Appearance of a layver of larger, paler-staining nuclei (presumptive ganglion cells) on inner
surface of ventricular cell population is first visible sign of cell differentiation (14-day mouse
embryo, toluidine blue, x 850).

ences in sequence between species. In all cases, differentiation of several
cell-types occurs concurrently among groups of ventricular cells which
synthesized DNA and completed their final mitotic division at essentially
the same time (Figs 14 and 15).13293% Even the two daughter cells
produced at the final mitosis may differentiate in diverse ways—for ex-
ample, one becoming a ganglion cell, the other a horizontal cell.?® This
indicates that the crucial event determining the fate of the ventricular cell
occurs after the final mitosis; that is, in the G, period of the mitotic cycle
(Figs 7and 9). It is in this phase that terminal differentiation occurs in the
neural retina, as it does in other kinds of cells.?!-33
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FIGURE 11

Newborn mouse. Although mitosis of ventricular cells continues, horizontal cells (upper
arrows) and amacrine cells (lower arrow) can now be distinguished. Ganglion cells form a
separate laver (below) (toluidine blue, x 330).

The retinal ventricular cell evidently is capable of several, mutually
exclusive pathways of differentiation. When one course is initiated, all
others are suppressed. No intermediate mixtures or cell chimaeras are
produced. Furthermore, the differentiation is perfectly stable. For the
retinal cell, it is an irreversible, once-in-a-lifetime event.

Cell differentiation involves a complete restructuring of nucleus and
cytoplasm alike. Visual cell outer segments, ganglion cell axons, a variety
of synaptic interconnections, all must be constructed where none existed
previously. In rats and mice this takes about 1 month to complete (Fig
16). In the human retina 1 year is required (although visual function is
established before then, and further expansion of the eye may stretch the
retina, thinning it slightly).?*3¢ Thereafter, no further alterations of any
kind are apparent.

Two brief episodes, involving profound and rapid changes of a different
nature, are followed by a much longer period (Fig 17) in which nothing
seems to change at all. This is the stage of renewal.



FIGURE 12
Six days after birth in mouse, stage of multiplication has terminated in center of retina and
cell differentiation is proceeding rapidly. Smaller, dark-stained rod nuclei (outer layers) can
be distinguished from paler nuclei of bipolar and Miiller cells (x) (toluidine blue, x 330).

STAGE OF RENEWAL

For many years it was thought that the major metabolic activity of retinal
cells was concerned with vision, and consisted in the intermittent, tran-
sient rearrangements of a restricted set of molecules and ions, associated
with the bleaching of rhodopsin and the transmission of nerve impulses,
consequent to the absorption of radiant energy in rod or cone outer
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FIGURE 13
Following their final mitotic division, off-
spring of ventricular cells undergo differ-
entiation (D).
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FIGURE 14
Differentiation of different kinds of cells
takes place concurrently. Ventricular cells
whose DNA was being replicated at time
of injection of radioactive thymidine in
1-day-old mouse subsequently differenti-
ated as rods (upper arrow), amacrine cells
(middle arrow), and ganglion cells (lower
arrow) (autoradiogram, toluidine blue, x
850).

FIGURE 15
Ventricular cells exposed to radioactive
thymidine during DNA-synthesis phase of
mitotic cycle in 5-day-old mouse were
subsequently transformed into rods (up-
per arrow), bipolar cells (middle arrow),
and Miiller cells (lower arrow) (autoradio-
gram, toluidine blue, X 850).

segments. It now seems that these transitory chemical changes are a
“sideline” to the main metabolic activity of retinal cells, which is incessant
self-reconstruction ™ Dating from early studies which demonstrated
“axonal flow” in ganglion cells®® and the renewal of outer segments in rod
visual cells,*® the concept that retinal cells of all kinds are continuously
engaged in the rebuilding of their own molecular structure was gradually
developed from studies which documented the renewal of RNA, protein,
phospholipid, glycolipid, gangliosides, glycoprotein, and mucopolysac-
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FIGURE 16
In mouse, stage of differentiation is completed by 30 days after birth. This is followed by a
much longer stage of continuous intracellular renewal, in which retinal structure appears to
be essentially unchanging (toluidine blue, x 330).

charides, as well as various specific molecules such as taurine, vitamin A,
and opsin.>®

The lifetimes of the molecular constituents are impressively brief. For
retinal proteins, the average half-life (the period during which half the
molecules are replaced) is about 5 days,?*!'*? but there is a considerable
range, from a few hours to several weeks (Table I). New cell constituents
are continuously produced in synthetic centers near the nucleus (except
for RNA, which arises in the nucleus itself), and are then distributed to
sites of utilization throughout the cell. For ganglion cells, with a complex

RETINAL TIME LINE

PROLIFERATION STEADY - STATE
l D'IFFERENTlATION (INTRACELLULAR RENEWAL)

MOUSE ] 957 850 Days
HUMAN 99/ 75 Years
FIGURE 17

Retinal time line illustrates that most of the life history of retinal cells is spent in stage of
intracellular renewal, a steady-state in which molecular synthesis and degradation are in
balance.
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TABLE I: RENEWAL IN THE RETINA*

COMPONENT SPECIES HALF-LIFE
idays)
Retinal protein Rabbit 5-6
Ganglion cell axon-terminal
components Various 1

RENEWAL TIME

(days)

Rod outer segment integral

proteins Pigeon 3-4
Mouse 10
Rat 10-14
Squirrel 5
Dog 6
Monkey 9-13

Ganglion cell axoplasmic

framework Mouse 3-4

Monkey 30

*Adapted from Young (1982).%

arborization of dendrites, and an axon that may extend for 90,000 w,
replacement of cell constituents presents formidable logistical problems.
These are met by complex systems of intracellular transport. The major
component of the axon, a framework of microtubules, neurofilaments,
and microtrabeculae, forms a cohesive column, extending from cell body
to axon terminal, which moves outward at the rate of 1 mm per day. This
framework is relentlessly assembled at the entrance to the axon and
disassembled at the entrance to the axon terminal. Other axonal constitu-
ents travel rapidly from the cell body, moving along the surface of the
axonal framework, and arrive in the axon terminal within a few hours after
their synthesis. Molecular lifetimes in the terminals seldom exceed 1 or 2
days. Some molecules are destroyed in the terminals; others are returned
to the cell body for destruction.?®

Visual cells similarly produce the molecules of which they are com-
posed at a prodigious rate in the mature retina. In rods, the entire outer
segment, consisting of a stack of up to 1000 double-membrane discs, is
completely replaced within 2 weeks or less (Table I). Neither rods nor
cones are capable of destroying the membranes which they unrelentingly
assemble. Instead, groups of discs are periodically detached from the tips
of the cell. The shed discs are then phagocytosed and destroyed by the
pigment epithelium (Fig 18).%3* The net result, however, is that the
membranes are destroyed just as rapidly as they are assembled.
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FIGURE 18
Diagram illustrating mechanism of renewal of rod outer segment membranes. Pigment
epithelium phagocytizes and destroys membranes detached from ends of cell. Although rods
and cones do not degrade their own photosensitive membranes, net result is that mem-
branes are destroyed as rapidly as they are produced (from Young, 1976%7).

Of all the constituents of differentiated retinal cells, only one has so far
been shown to be spared from incessant replacement: DNA. The absence
of renewal of DNA**® is readily demonstrated in retinal cells. If the
DNA is labeled in ventricular cells by providing them with radioactive
thymidine as they replicate their genetic molecules just prior to their final
mitosis, the radioactive constituents are retained in the DNA for the
remainder of the cell’s lifetime; the atomic bonding pattern is stable (Figs
15 and 16). We now have evidence of another class of stable molecule in
retinal cells. If the same experiment is carried out with a radioactive
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amino acid, all of the proteins undergoing synthesis become radioactive,
in nucleus and cytoplasm alike. With the passage of time, however, the
labeled proteins gradually disappear, due to incessant replacement, ex-
cept for some of the nuclear proteins in certain retinal cells (Fig 19). We
have tentatively identified the stable nuclear proteins as histones.

FIGURE 19
Retinal cells contain nuclear proteins that apparently are not renewed. This experiment is
comparable to that depicted in Fig 15, except that mouse was injected with radioactive
arginine (a protein-precursor), instead of DNA-precursor, thymidine. Proteins which have
not been replaced during a 45-day interval are situated in nuclei of certain rods (upper
arrow), bipolar cells (middle arrow), and Miiller cells (lower arrow). Stable proteins are
believed to be histones (autoradiogram, toluidine blue, x 850).



208 Young

THEORETICAL EXPLANATIONS

The three stages of the life history of retinal cells are in the category of
“empirical laws’—regularities of natural processes that can be observed,
measured and recorded. An ultimate goal of science is to be able to
explain such regularities. It is the role of scientific theories to account for
and predict groups of related empirical laws, and to provide a deeper
understanding of them, by demonstrating that they are manifestations of
more fundamental and general principles.

Generating rapidly a large population of retinal cells, and then convert-
ing it into a heterogeneous network capable of serving as a functioning
sense organ for an extended period intuitively “makes sense.” Such a
course of events is clearly beneficial to the organism, adapting it to the
environment, and promoting survival. But such superficial explanations
do little to enhance our comprehension of the underlying mechanisms by
which these cellular activities are accomplished and regulated.

It is now my purpose to illustrate that a more profound understanding
may be derived from three biological theories: developmental genetics,
molecular biology, and biological renewal. These theories, which are fully
consistent with one another, focus attention on different aspects of the
complex biological process.

DEVELOPMENTAL GENETICS

Genetic theory emphasizes a fundamental distinction between the hered-
itary elements, the genes (collectively, the genome), and all other parts of
the cell, which comprise the phenotype. Genes are the units of heredity,
the determinants of inherited characteristics. Each cell receives at mitosis
a complete set of genes, arranged in linear array on the chromosomes in
the nucleus.> In any individual cell, however, only part of the genes are
active, and these may be scattered among the several chromosomes.**%°
All the others are present but inactive. Each gene is a two-way switch; it
is either on or off. The states of all the gene-switches define the state of
the cell.>® It is the particular set of active genes in each cell which
determines (through interaction with the environment) the size,shape,
chemical composition, and metabolism of that cell.>7:3%-33

Cell differentiation is discrete, without overlapping, intermediate
types, because there are a limited number of integrated gene-sets which
may be activated, and these produce distinctly different phenotypes.
However, some cell constituents and activities are common to different

kinds of cells. Thus, certain genes may be active in more than one type of
cell.®
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When a cell changes from one differentiated state to another, it is the
result of a new set of genes becoming active, while some (or all) of the
precedingly active set has been repressed. Genetic regulation is therefore
the source of the distinctly different cellular activities which characterize
the three stages in the life of retinal cells. What produces the changes in
the gene-sets that are active?

Gene regulation is responsive to factors in the environment, including
the cell’s own cytoplasm, as shown by nuclear transplantation and cell
fusion experiments.® >3 In the fertilized egg, there is an asymmetric
distribution of various cytoplasmic factors. These are unequally dispersed
among the offspring of the first few cell divisions, leading to a differential
activation of genes, and the first signs of cell differentiation.>"-32 The
subsequent course of embryogenesis involves a progressively unfolding
series of differentiations, which are attributed to induction, in which the
differentiation of a particular cell-type requires the action of a factor
produced by another kind of cell.>#3257 Inducers may be transferred
from cell to cell by direct contact, or by transport from a distant site.
Interaction with an appropriate inducer results in a change in the set of
genes that are active in the induced cell, thereby changing its state of
differentiation.?®>® There is no correlation between the nature of the
inducer and the kind of cell differentiation produced. Induction acts as a
non-specific cue, triggering a sequence of events specific to the reacting
cell.®

Cells respond to signals only during some particular time interval,
called the period of competence.5®' A cell is (or is not) competent to
respond to an inducer by virtue of its phenotypic composition, which is
the result of an earlier inductive event.

How can a non-specific inducer bring about the coordinated activation
and repression of numerous genes? To account for this, the theory postu-
lates the existence of different categories of genes. Some genes are the
determinants for special cell characteristics, whereas other genes are of a
regulatory nature. “Integrator genes,” relatively few in number, would
respond to appropriate inducers by producing factors that would activate
the gene-set controlled by that particular regulatory gene.**>!:62 A major
genetic event, termed “commitment,” occurs when the inducer initiates
the coordinated activation of a set of genes.*%3%* Continued presence of
the inducer is not required after the cell has become committed to a
particular course of differentiation, because the new phenotype includes a
factor that replaces the inducer, thereby sustaining the differentiated
state. Once activated, the genes could remain “turned on” indefinitely.
The stability of the differentiated state is variable, being dependent upon
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whether the cell is competent to respond to inducers it may encounter.

These principles help to explain the stages in the life history of retinal
cells: In the stage of multiplication, the genes that are active determine
the operation of the mitotic cycle. The phenotype of the ventricular cells
also includes elements which render them competent to respond to a
particular group of inducers. Although for simplicity and emphasis I have
suggested that there is a single event of cell differentiation in the life
history of retinal cells, there must be some rearrangements of the pattern
of active genes prior to the appearance of the ventricular cells to account
for their elevator movements as well as their limited range of compe-
tence. (Some differentiation may be detected very early in embryologic
development, even prior to implantation in the uterus.)®®® Perhaps
during their encounter with the presumptive lens or the outer layer of the
optic cup they become competent to respond to inducers which activate
the gene-sets responsible for the several types of cells in the neural
retina.

In the developing retina, there is no ingrowth of axons or neurons
arising outside the organ, and the invasion of vascular elements (in spe-
cies where it occurs) takes place too late to serve as the source of inductive
stimuli. Consequently, the mechanism of differentiation appears to be
intrinsic to the retina. After formation of the optic cup, the ventricular
cells are bounded on the ventricular surface by the pigment epithelium,
and on the opposite surface by the vascularized, embryonic vitreous
body. There must be chemical differences between these two regions.
This might account for the inductions of the ganglion and amacrine cells
from ventricular cells whose nuclei have come to be situated adjacent to
the vitreal border. Due to the back-and-forth motion of the ventricular
cells, each nucleus passes through a continuously changing microenviron-
ment, stratified both structurally and metabolically. There appear to be
abundant opportunities for inductive interactions which increase in com-
plexity as cell differentiation progresses.

The cells move asynchronously, traversing the cycle at slightly different
rates. Perhaps individual cells pause momentarily at one level or another,
thereby becoming sufficiently exposed to regionally concentrated induc-
ers which trigger one or the other of the differentiated states for which the
cell is competent. The progressive slowing of the elevator movement
which accompanies retinal differentiation may enhance this effect, accel-
erating the pace of differentiation and the cessation of mitosis as this stage
draws to a close.

The incessant self-rebuilding (without change in the state of differentia-
tion) that characterizes the stage of renewal can be accounted for by
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assuming that the set of genes underlying the differentiation of each kind
of cell in the neural retina remains “turned on” permanently. Cell differ-
entiation in the mature retina is presumed to be stable because the cells
are incompetent to respond to any inducing agents.

MOLECULAR BIOLOGY

The core principle of this theory is simple and grand: All of life is but the
interaction of molecules. The theory is supported by the entire theoretical
structure of physics and chemistry, since it explicitly states that the
chemical reactions within living systems occur in exactly the same man-
ner as they do in systems that are not living, determined by the principle
of entropy and the quantum rules of atomic structure and bonding.5%7
Nevertheless, chemical reactions in living systems appear to be uniquely
goal-directed. This is attributed to the principle of molecular recognition.

Within cells, molecules in thousands of different forms incessantly
collide with each other in random orientations. Most collisions are non-
productive, but some elicit changes that are exceedingly specific. The
specificity results from molecular recognition, which is based upon the
surface properties of one molecule matching in a reciprocal manner the
surface properties of another.®®’® The relatively enormous size of pro-
teins (several thousand atoms) provides the opportunity for endless varia-
tions in their surface characteristics. Certain “active sites” have a specific
size, shape, and distribution of electrical charge to which only a molecule
with reciprocally matching properties will adhere. By this means, pro-
teins can “select” a particular molecule from a large and heterogeneous
mixture. Molecular recognition determines a wide range of metabolic
activities, including self-assembly of molecular aggregates, the action of
enzymes, specificity of receptors, and the recognition of specific loci in
the DNA.

A protein changes shape when another molecule becomes bound to it.
In the case of enzymes, the change in conformation may deform an atomic
bond in the bound molecule until it ruptures, or it may displace two
bound molecules into a position favoring bond formation. When there are
two (or more) binding sites on a protein, adhesion of a molecule at one site
may change the protein conformation so that another site is rendered
either inactive or active, depending on whether or not it will now bind
another molecule.””"”> DNA and RNA may also interact by a form of
molecular recognition called base-pairing.

Genes are considered to be segments of DNA molecules that are
repositories of “information” which specifies the structure for RNA, which
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in turn may specify the structure of proteins. The information in DNA is
determined by the sequence of its purine and pyrimidine bases, which
may comprise a code for the amino acid sequence of a particular protein.
This information can be released a limitless number of times by a base-
pairing mechanism which transfers the coded instructions from DNA to
RNA. Sets of instructions transferred from nucleus to cytoplasm through
the intermediary of messenger RNA (mRNA) molecules lead to the forma-
tion of sets of specific proteins. These proteins, in turn, control the entire
metabolism of the cell. DNA and RNA are passive and inert. They are
manipulated by proteins, guided by the principle of molecular recogni-
tion.

Evidently, if we are to understand the three stages in the life history of
retinal cells, we must elucidate the molecular processes which regulate
the release of coordinated sets of information stored in the structure of
DNA. We must concentrate our attention on the metabolism of the
nucleus, where the genes are sequestered.

In the special chemical environment enveloped by the nuclear mem-
brane, lipids and carbohydrates are excluded, and essentially all of the
metabolism is concerned with the regulated production of RNA mole-
cules (interrupted in mitotically active cells by intermittent intervals in
which the genetic material is replicated). More than 450 different kinds of
proteins have been detected in the nucleus.”™ These comprise a small
group present in large amounts, the histones, and the non-histone pro-
teins which include all the nuclear enzymes.

The long threads of the DNA double helix are associated with histones
in the manner depicted in Fig 20. Two each of four different histone
species are assembled into tiny octameric structures to form the nucleo-
some core particle. The DNA is wrapped twice around the outside of the
particle and is sealed at its entrance and exit by a single molecule of the
fifth histone variety, the linker histone.”>"* The particles are spaced with
a periodicity of about 200 pairs of DNA bases. This repeating structure
comprises the nucleosome.™ ™#° All of the DNA is ordered into nucleo-
somes.®®3 Linker and core histones isolated from retinal cells are shown
in Fig 21.

In the nucleus of each human diploid cell, the total length of DNA,
expressed as the number of constituent bases, is 5.6 billion,** ordered
into 28 million nucleosomes. Parts of this are greatly compacted, largely
due to the interactions of the linker histones, forming dense masses of
“heterochromatin,” which are inaccessible to the enzymes required to
release its genetic information.®>®® Formation of heterochromatin is pri-
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FIGURE 20
Model of nucleosome structure of DNA. Two each of four different histone proteins form a
disc-shaped core, around which DNA makes two complete turns. DNA is sealed around
core by a fifth type of protein, linker histone. This combined structure of DNA and histone,
termed “nucleosome,” occurs throughout all of DNA, repeated at regularly spaced intervals.
Inactive regions of genome may be compacted into dense masses due to interactions of
linker histones (top of drawing).
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B
A FIGURE 21

Histone proteins isolated from retinal nu-
clei in adult mouse. Hla, H1b, and H1°
are linker histones. A24 is a modified core
4 histone (H2A covalently bound to ubiqui-
tin). H3, H2B, H2A, and H4 are nucleo-
some core histones. (Preparation by Dr
TR LeBon.)

marily concerned with the packaging of unused parts of the genome after
a particular set of genes has been activated.

The number of protein-coding genes in the human genome is estimated
to be between 30,000 and 100,000.57°! However, there is enough DNA
to code for over 2 million genes—20 times the maximum estimate! Evi-
dently, much of the DNA does not code for protein. Nearly half of the
DNA consists of sequences that are repeated between a thousand and a
million times,®! yet the vast majority of protein-coding genes exist in only
one copy.®*%2 Some of the repeated sequences are believed to have a
structural role,**®* and others may determine the boundaries of replica-
tion units, 3% or mediate circadian rhythms. Of primary interest here are
the reiterated sequences, commonly a few hundred bases in length,
interspersed with longer, single-copy sequences. It seems likely that
these constitute gene regulatory sites.®”

There are a few thousand protein-coding genes active in each cell, and
these exist as unique copies, dispersed among the chromosomes. Some
way of coordinating this dispersed cluster must exist. Some marker se-
quence associated with each protein-coding gene must identify it as be-
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longing to the set “cone” or “Miiller cell.” This sequence must be re-
peated a few thousand times, once for each gene belonging to the set.
This is also the case for each of the other distinct cell types of which our
bodies are comprised. Since many genes may be activated in more than
one kind of cell, each protein-coding gene may be associated with many
repetitive (cell-type marker) coding regions. In fact, analysis of mRNA
populations in different kinds of cells reveals the presence of overlapping
sets, with as much as 80% of the mRNA being shared by some
tissues, %101

Even the simplest protein-coding gene is a very complex unit, inter-
rupted by several stretches of DNA that are not part of the genetic
message—a mosaic of expressed sequences in a matrix of silent DNA.1%2
Most of the untranslated sequences—repetitive and non-repetitive
alike—are extirpated from the gene transcript before it is released to the
cytoplasm. 101:103-105 The heterogeneous nuclear RNA (hnRNA) consists of
the precursors of mRNAs at different stages of post-transcriptional pro-
cessing. This is summarized in Fig 22. The entire gene is transcribed into
a single-stranded ribbon of hnRNA. This primary transcript may be as
much as six or seven times longer than the contained segments that are
ultimately translated into amino acid sequences. %197 Cutting and splic-

] GENE | DNA
l TRANSCRIPTION

£ Ef H E E H ——|
CAPPING AND POLYADENYLATION hnRNA

I HT B B H H- E==1
ISPL!CING

mRNA

-
TRANSLATED
INTO PROTEIN

FIGURE 22
Protein-coding genes are complex structures which contain large segments of DNA that are
not translated into protein structure. Heterogeneous nuclear RNA (hnRNA) consists of
primary gene transcripts in various stages of post-transcriptional modification, during which
nuclear enzymes extirpate many of “silent” regions before RNA is transported to cytoplasm
as messenger RNA (mRNA). Note that not all of mRNA is translated. (Figure modified from
Chambon, 19811%),
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ing enzymes then excise the silent sequences and join the coding sequen-
ces.102.106.107 Fyen then, as much as 40% of the mRNA is not translated
into protein structure.

The production of primary gene transcripts from active genes takes
place in regions of the genome that are in the diffuse, uncompacted state
called “euchromatin.” It is here that the non-histone proteins are concen-
trated. 111 The mechanism by which the RNA polymerase molecule
may gain access to the coded sequence of bases in the DNA is indicated in
Fig 23. Electrostatic bonds between the negatively charged phosphate
groups of the DNA and the positively charged core histones are temporar-
ily broken by an enzyme that adds acetate groups to the histones.!!1-115
This permits uncoupling of the double helix from the nucleosome core.
The linker histone is detached,®!:!*%-11% permitting the further loosening
and unwinding of the DNA. The core splits into two parts, and each half
remains attached to one strand of the double helix.!!%122 Other enzymes
conspire to uncoil the double helix and separate the two strands. Mean-
while, an RNA polymerase molecule initiates transcription at a site called
the “promoter,” then moves along one strand of the DNA, gradually
traversing the gene, polymerizing nucleotides into an increasingly long
ribbon of hnRNA, which reproduces the coded sequence in the DNA.
Immediately after passage of the polymerase molecule, the double helix is
reformed, the half-nucleosomes rejoin to form a complete nucleosome
core, the acetate groups are enzymatically removed, the DNA winds itself
around the core, and the two turns are resealed by the histone linker
protein. The distorted area moves along the DNA molecule slightly in
advance of the enzyme until the polymerase recognizes a base sequence
comprising a termination signal, which causes the entire complex to be
detached and the nucleosome structure to be fully restored.

The molecular mechanisms by which a cell may be induced to change
its state of differentiation may now be summarized. Competence to be
induced depends upon the presence of protein receptors that can bind
the inducer.!?>124 Ventricular cells apparently have several alternative
receptors. Proteins can bind any type of molecule, so there are no restric-
tions regarding the chemical nature of inducers. The receptor protein, its
conformation changed upon binding the inducer, would be displaced to
the nucleus, where its now-exposed active site would bind to the specific
sequence of DNA bases identifying an integrator gene, which would be in
the extended (euchromatic) state. Binding of the receptor would expose
the promoter site, permitting the attachment of RNA polymerase, and
the synthesis of an hnRNA molecule. After processing and transfer of the
cytoplasm, the resultant mRNA would yield protein molecules which
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FIGURE 23
Model showing some of molecular events which take place when an active gene is tran-
scribed. Explanation in text.
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enter the nucleus, and bind to repeated sequences on DNA distributed
throughout the genome, activating the promoter sites of a new gene-set.
This would result in the production of a few thousand different mRNA
molecules—those required to produce the spectrum of proteins which
direct the metabolism of the new differentiated state. Among the new
proteins would be species that maintain the integrator gene in the active
state. Some genes would be newly active; some would be newly re-
pressed, and some, perhaps a majority, would remain active.

As the new cell type is reconstructed by the new assemblage of pro-
teins, rearrangements of the chromatin pattern would occur, mediated by
the linker histones, involving compaction of much of the inactive portions
of the genome. Whether the differentiated state would be terminal, or
would contain the potential for subsequent changes, would depend upon
what kinds of protein receptors were produced, and what parts of the
genome remained extended, and thereby accessible to induction.

BIOLOGICAL RENEWAL

The theory of biological renewal was developed to account for numerous
empirical laws which reveal that the substance of living systems is pro-
foundly unstable, consisting of cells and molecules that seldom endure for
more than a few weeks at most.38 In the tissues of mature, multicellular
creatures, biological renewal takes one or the other of two forms: cellular
renewal, in which the constituent cells are incessantly replaced, or intra-
cellular renewal, in which individual cells survive indefinitely, while
their molecular constituents are relentlessly reconstructed.

The continuous reformation of cells and molecules is a general property
of life. The theory of renewal asserts that this fundamental and ubiquitous
process is a necessary outcome of the central principle of physical sci-
ence—the principle of entropy. According to the entropy principle, the
predominant process in all natural events—including every chemical
reaction—is a dissipation of energy (scattering in space and fragmenting
into smaller packets), and a degradation of structure. Life persists despite
the universal trend towards decay and disorder by the expedient of
continually rebuilding itself.3® Self-synthesis, repeated incessantly, is the
key process which enables living systems to endure.

Relentless renewal is therefore a biological imperative, in the absence
of which life would long ago have disappeared into the crust of the earth
from which it arose. The principle of renewal exists because the principle
of entropy exists. If it were not for the ineluctable tendency of all systems
to decay, there would be no requirement for the perpetual reconstruction
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of the life substance.?® This means of persistence is unique to living
systems. Nothing in the world of the non-living endures by repeatedly
synthesizing its own molecules. This basic feature may be incorporated
into a definition of life: Life is an organized system of molecules that
persists by means of repeated self-synthesis.>®

Although the fundamental process is self-synthesis, controlled self-deg-
radation is also significant. All forms of life are able to destroy their own
molecules. There are no physical laws that set a requirement for regulat-
ed self-destruction. Controlled degradation of self is a uniquely biological
phenomenon. When the rate of production of new cells or molecules
exceeds the rate at which they are destroyed, the system grows. When
degradation exceeds formation, the system diminishes in size. When
rates of formation and degradation are in balance, the resulting condition
is called a steady-state. '

The theory of biological renewal reveals a common denominator in the
three stages of the life history of retinal cells: Incessant self-synthesis. In
the stage of multiplication, self-synthesis is manifest in the repeated
formation of new cells. But even during the period of relentless cell
division, there is evidence of molecular self-degradation. Intracellular
renewal is observed at all times, beginning even in the unfertilized
ovum, 12>128 and continuing during the period of rapid mitosis that char-
acterizes the onset of embryogenesis.*128-133

Nevertheless, self-synthesis far exceeds self-degradation during the
stage of multiplication, resulting in rapid net growth. During the initial
rapid cleavage divisions, production of many cell constituents lags behind
the production of new DNA and histone, so that the cells progressively
diminish in size. When formation of new molecules comes into balance
with their dispersion by mitosis and their destruction by self-degradation,
then the size of cells is stabilized (Fig 1). (Cells are of similar size in mice
and humans. The prolonged period of multiplication in our species is not
due to differences in the size of cells or the rate at which they are formed,
but is the result of a genetic program that produces a much larger popu-
lation of cells before terminal differentiation begins.)

In the stage of differentiation, the synthesis of self-molecules continues
without respite. However, due to the activation of a different set of genes,
there is a change in the spectrum of molecules that is produced. Molecu-
lar degradation continues, but when molecules of the previous state of
differentiation (the ventricular cell) are degraded, they are not replaced—
unless they also participate in the newly activated state of differentiation.
In this manner, the ventricular cell gradually transforms itself into a cell
of a different kind. During differentiation, cells synthesize and destroy a
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changing constellation of molecules. After differentiation, they synthesize
and destroy the same molecules, over and over again.?®

There is not the slightest abatement of synthesis and degradation dur-
ing the stage of renewal. Instead, the cells maintain themselves, appar-
ently unchanging, by a perpetual process of balanced formation and
degradation of molecular structure. This is the condition of the steady-
state of intracellular renewal (Fig 17). The retina maintains the appear-
ance of inert stability despite the underlying turmoil of unrelenting for-
mation and degradation because the synthesis of each new cell constitu-
ent is precisely matched by the coordinated destruction of older constitu-
ents of the same kind. The cell is at all times comprised of new molecules,
recently assembled according to the genetic instructions. (If renewal
worked perfectly, we would grow old without aging, but due to the
inevitable imperfections of biological systems in an imperfect environ-
ment, entropic decay gradually pervades the system, producing senes-
cence,)¥ 13

When differentiation is evoked by the induction of a ventricular cell,
the newly activated set of genes remains thereafter continuously in the
“on” position. Although it has been suggested that the stability of the
differentiated state might be accounted for by stable mRNA mole-
cules, 3> 137 these prove to be even more ephemeral than proteins, and
seldom persist for more than a few days. 132133 138.139 Nor js the stability of
differentiation due to the permanence of the molecules which control
genetic regulation—the non-histone nuclear proteins. These too are rap-
idly replaced.'**"!#? The unchanging appearance of mature retinal cells is
due to the unceasing activities of impermanent molecules.

After several decades of analysis using isotope-labeled molecules, only
a single exception has emerged to the rule that all parts of cells are
continually renewed. But the exception is not trivial. It resides at the
center of our current concept of the organization of living cells: DNA is
not renewed. In addition, there is increasingly substantial evidence that
the nucleosome core histones are also stable against incessant replace-
ment.3* 144149 (The linker histone is renewed.)!*>13-153 The genetic sub-
stance, DNA, and the core histones to which it is permanently bound,
turn out to be the only parts of the living system that are not repeatedly
reconstructed.

The theory of biological renewal accounts for their temporal stability as
follows: The genes underlying the replication of DNA and the synthesis of
the core histone mRNAs are only activated during the DNA-synthesis
period of the mitotic cycle.!> '3 When cells are induced to activate a
state of differentiation in which they cease to divide, they become ar-
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rested in the stage of the cycle that follows mitosis (the G, phase), in
which the synthesis of DNA and core histone proteins is not possible.

If the incessant synthesis of molecules is made imperative by the
entropic tendency to decay, why are the most important molecules of all
exempt from replacement? Renewal of the genetic material evidently was
sacrificed in order to achieve a result that was even more advantageous—
liberation from the stereotyped, repetitive chemistry of the cell-division
cycle, so that new chemical pathways could be elaborated. From such
evolutionary experimentation our most highly differentiated tissues have
emerged, including the cells of the neural retina, whose remarkably
complicated forms are incompatible with mitosis.

CONCLUSION

In 1951, Verhoeff’s contemporary, Miiller, the geneticist and Nobel Lau-
reate, summarized his views on heredity and the nature of the gene. He
concluded with this poignant phrase: “. . . whatever the secret of the
gene’s ability to reproduce itself and its mutations may consist in, it seems
today clearer than ever . . . that this is also the most fundamental secret of
life itself.”1>” The secret of life! For centuries philosophers and scientists
alike sought in vain the elusive secret of life. Why do we no longer hear
this phrase? What happened to the glorious quest?

Science revealed the nature of the gene: the hereditary material is a
molecule.'>%1°

The secret of life turned out to be just this: We and all other living
creatures are organized systems of molecules—no more and no less—sys-
tems of molecules that persist because they continually rebuild them-
selves. You and I are constructed from transitory clusters of atoms that
aggregate to form the molecular structure of our bodies for only a few
brief moments before they are destroyed and then reformed again by
other molecules. What is there about us that persists, if our atomic
structure is impermanent? What endures is an organized pattern of en-
ergy and matter, determined by information stored in the inert molecules
of DNA. Our new conception of the nature of life must influence our
explanations of everything biological, including the life history of retinal
cells.
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