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Review articles

A cell-intrinsic timer that operates during
oligodendrocyte development

Béatrice Durand'* and Martin Raff’

Summary

Multicellular organisms develop on a predictable sched-
ule that depends on both cell-intrinsic timers and se-
quential cell-cell interactions mediated by extracellular
signals. The interplay between intracellular timers and
extracellular signals is well illustrated by the develop-
ment of oligodendrocytes, the cells that make the myelin
in the vertebrate central nervous system. An intrinsic
timing mechanism operates in each oligodendrocyte
precursor cell to limit the length of time the cell divides
before terminally differentiating. This mechanism con-
sists of two components, a timing component, which
depends on the mitogen platelet-derived growth factor
(PDGF) and measures elapsed time, and an effector
component, which depends on thyroid hormone and
stops cell division and initiates differentiation at the
appropriate time. The cell-cycle inhibitor p27/Kip1 accu-
mulates in the precursor cells as they proliferate and
is part of both components of the timer. It seems likely
that similar timing mechanisms operate in other cell
lineages. BioEssays 22:64-71, 2000.

© 2000 John Wiley & Sons, Inc.

Philosophers and physicists have long debated whether
time is linear or circular, directional or nondirectional, revers-
ible or irreversible.() For biologists, time is unequivocally
linear, directional, and irreversible: species evolve, and indi-
vidual organisms develop on a predictable schedule and
invariably senesce and die; there is no going back. An im-
portant challenge is to understand the mechanisms that
underlie these directional processes.

Besides these linear processes, both individual cells and
multicellular systems display various types of cycles, or
rhythms, which could, in principle, be involved in timing the
progress of development and senescence. Circadian clocks
are an example. They control a variety of physiological and
behavioural functions in most organisms.® It seems unlikely,
however, that circadian clocks are used as timing devices in
development or senescence, at least in animals, as muta-
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tions that disable them in flies or mice have little effect on
either of these processes. Cells and organisms have clearly
developed other ways of keeping time.

Timing in animal development, however, does seem to
depend on intracellular timers (reviewed in Refs. 3 and 4), as
well as on sequential cell-cell interactions. In principle, an
intracellular timer could operate in a number of ways. It
could involve noncircadian intracellular oscillators, such as
those that control the cell division cycle,® or those that
generate periodic ion fluxes,® or repeating bursts of specific
gene expression. Such oscillations seem to be used, like
the ticks of a clock, to time some developmental processes,
but how this is achieved is unknown. An intracellular timer
could work through the sequential activation of a series of
genes encoding gene regulatory proteins, with each tran-
scriptional activator activating the next in the sequence, until
a final gene product triggers a developmental event. Alter-
natively, a timer could operate like an hourglass, where the
progressive accumulation or loss of a molecule involved in a
rate-limiting process serves as a measure of time, with the
molecule triggering a developmental event when a threshold
level is reached.

Some examples of intracellular developmental
timing mechanisms

An example of an intracellular developmental timing mech-
anism that makes use of the cell division cycle is seen in the
early Xenopus embryo, where zygotic gene transcription
begins at a specific time point called the midblastula tran-
sition (MBT). The timing of MBT depends on repeated cycles
of DNA replication and cell division. Because the cells divide
without cell growth, the ratio of nuclear DNA to cytoplasm in
each cell increases with each division cycle, until it reaches
a critical value that triggers zygotic gene transcription.®.9)
Another example where timing depends on a form of cell-
division counting is in the replicative senescence of cultured
human fibroblasts, which stop dividing after a limited num-
ber of divisions when stimulated by mitogens. In this case,
telomeres shorten with each cell division, until they become
sufficiently short that they activate a checkpoint mechanism
that arrests the cell cycle.(™® Most of the mechanisms that
control the timing of development, however, do not seem to
depend on cell-division counting. Cells in a developing em-
bryo, for example, frequently differentiate on close to a
normal schedule even when cell division has been blocked
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Figure 1. Schematic drawing of the rat optic nerve. The
nerve contains the axons of retinal ganglion neurons and two
main types of glial cells, astrocytes, which send processes to
the surface of the nerve and to blood vessels, and oligoden-
drocytes, which myelinate the axons.

by drug treatment.(1.72) Moreover, many changes that occur
in developing cells over time often occur after the cells have
permanently withdrawn from the cell cycle.

Some developmental timers depend on other intracellular
cycles. A dramatic example is seen during the development
of vertebrate somites, which form every 30 min in early chick
embryos. Remarkably, the expression of specific genes in
the mesoderm cells that will form the somites in these em-
bryos oscillates with a 30 min periodicity, suggesting that
these oscillations somehow determine when these cells as-
semble into somites.®7.13) It remains to be determined how
the oscillations are controlled and how they are translated
into developmental time.

Some developmental timers do not appear to depend on
gene transcription or protein synthesis at all. In Xenopus

embryo development, for example, a number of precisely
timed early events occur normally even when DNA, RNA,
and protein synthesis are inhibited by drug treatment.(11.14
These timers presumably depend on post-translational con-
trols, but their nature remains a mystery.

As mentioned earlier, the timing of development in mul-
ticellular organisms depends on more than intracellular tim-
ing mechanisms described above. It also depends on cell-
cell interactions, which are mainly mediated by extracellular
signalling molecules. This interplay between intracellular
timers and extracellular signals is well illustrated in the de-
velopment of oligodendrocytes, which are the cells that
make myelin in the vertebrate central nervous system and
are the main focus of this review.

Timing of glial cell development in cultures of
embryonic brain cells

The vertebrate brain contains a variety of types of glial cells,
each of which develops on a predictable schedule. Remark-
ably, if cells are dissociated from an embryonic rat brain and
grown in culture, the major classes of glial cells develop on
the same schedule as they do in the developing brain.(1%
These findings suggest that the mechanisms that control
the timing of glial cell development in vivo also operate in
a culture dish, where they are accessible to analysis. The
complexity of the brain cell cultures, however, makes
such an analysis difficult, which is why we turned to the
optic nerve, which contains no neurons and is therefore far
simpler.

Glial cell development in the rat optic nerve
The optic nerve contains the axons of retinal ganglion neu-
rons and two types of glial cells: astrocytes, which support

Figure 2. The roles of extracellular signals
in oligodendrocyte precursor cell develop-
ment in culture. In the absence of the mito-
gen, PDGF, precursor cells rapidly stop di-
viding and differentiate, whether or not
thyroid hormone (TH) is present. In the pres-
ence of PDGF and TH precursor cells iso-
lated from a P7 rat optic nerve divide a
maximum of eight times before they stop
and differentiate. In the presence of PDGF
and the absence of TH most of the precur-
sor cells keep on dividing and do not
differentiate.
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Figure 3. A simplified drawing of the controls on the G,-S
transition in the cell cycle. The G; cyclin-dependent protein
kinases (Cdks) are activated by G, cyclins and inhibited by
Cdk inhibitors, including p27. The synthesis of some of the
G, cyclins is stimulated by extracellular mitogens; in the
absence of mitogens, the cells withdraw from the cell cycle
and enter a quiescent state (G,), from where they can differ-
entiate. M = mitosis and cytokinesis.

the axons in the nerve structurally and functionally, and
oligodendrocytes, which extend processes that wrap
around the axons to form an insulating myelin sheath (Fig. 1).
The astrocytes develop from the neuroepithelial cells of the
optic stalk, the primordium of the nerve, while the oligoden-
drocytes develop from precursor cells that migrate into the
developing nerve from the brain beginning just before
birth.(1® The oligodendrocyte precursor cells divide a limited
number of times before they stop and terminally differentiate
into postmitotic oligodendrocytes. The first oligodendro-
cytes appear in the nerve around the day of birth, and their
numbers then progressively increase over the next 6
weeks.(17.18)

The astrocytes play an important part in oligodendrocyte
development. For example, they secrete platelet-derived
growth factor (PDGF), the main mitogen that drives prolifer-
ation of oligodendrocyte precursor cells.(19.20) |n the absence
of PDGF, the precursors divide very little in culture, and few
oligodendrocytes develop in vivo.1-23)

Oligodendrocyte development in cultures of optic
nerve cells

The normal timing of oligodendrocyte development can be
reconstituted in cultures of dissociated embryonic optic
nerves,@4 as long as the oligodendrocytes are stimulated to
divide by PDGF.@% The reason the precursors stop dividing
and differentiate in such cultures is not because PDGF be-
comes limiting or because the PDGF receptors on these
cells disappear or are no longer activated by PDGF. Adding
excess PDGF does not alter the timing of oligodendrocyte
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Figure 4. Time course of p27 accumulation in purified oli-
godendrocyte precursor cells stimulated to divide in culture
by PDGF in the absence of TH. (A) The average intensity of
p27 immunofluorescence staining in the nucleus (M) in blue,
assessed by quantitative confocal fluorescence microscopy,
as well as the lowest and highest values (®) in the cell pop-
ulation, are plotted against days in culture. The intensity of
staining in oligodendrocytes, which developed following
PDGF removal for 2 days after the 10-day culture period with
PDGF, is also shown (M) in red. (B) Confocal fluorescence
micrograph of p27 staining in the nucleus of precursor cells
after 2 and 10 days in culture.

differentiation,@® and newly formed oligodendrocytes still
express large numbers of PDGF receptors,@® stimulation of
which induces both an increase in cytosolic Ca®>*" and
immediate-early gene expression.8 These findings raised
the possibility that the precursor cells have a cell-intrinsic
mechanism that limits their proliferative capacity and con-
trols when they withdraw from the cell cycle and undergo
terminal differentiation.

A cell-intrinsic timer in the oligodendrocyte
precursor cell

When individual or purified oligodendrocyte precursor cells
isolated from postnatal day 7 (P7) rat optic nerve are stim-
ulated to proliferate in culture by either astrocytes or satu-
rating amounts of PDGF, the cells divide up to eight times
before they stop and differentiate.@9.30 The progeny of an
individual precursor cell stop dividing and differentiate at
about the same time.@930 If the two daughter cells of an
individual precursor are separated and cultured on astrocyte
monolayers in separate microwells, they divide the same
number of times before they differentiate, indicating that an
intrinsic mechanism operates in the precursor cells to limit
the number of times, or the period of time, that the cell
normally divides.@9
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Does the counting mechanism count cell divisions, or
does it measure time in some other way? Oligodendrocyte
precursor cells cultured at 33°C divide more slowly, but stop
dividing and differentiate after fewer divisions compared to
cells cultured at 37°C. This suggests that the intrinsic mech-
anism does not operate by counting cell divisions but, in-
stead, measures elapsed time in some other way.G" We
therefore refer to it as a timer.

Two functional components of the timer

Although the timer is intrinsic to the precursor cell, its activity
depends on extracellular PDGF, which is normally produced
by other cells, such as astrocytes in the optic nerve. If a
single precursor cell is cultured on its own in the absence of
PDGF, it stops dividing and differentiates within 1-2 days.®2
Similarly, in the absence of PDGF, purified precursor cells
differentiate prematurely, no matter how high the density of
the cells in the culture dish.(*® Thus, the timer only works if
the cells are continuously stimulated to proliferate by PDGF.

In addition to PDGF, the timer also needs hydrophobic
signals, such as thyroid hormone (TH) or retinoic acid (RA),
to function normally. Precursor cells cultured in the presence
of mitogens but in the absence of TH or RA keep dividing
and do not differentiate®9 (Fig. 2). If TH is added to such a
culture after 8 days, when most precursor cells would have
differentiated had TH been present, the precursor cells soon
stop dividing and differentiate.@9 Thus, in the presence of
mitogens and the absence of hydrophobic signals, the cells
can still keep track of time, but they seem unable to stop
dividing and differentiate when the appropriate time is
reached.

Therefore, the timer consists of at least two functional
components: (1) a timing component, which depends on
PDGF but not TH and measures elapsed time, and (2) an
effector component, which is regulated by TH and stops cell
division and initiates differentiation when the timing compo-
nent indicates it is time.(3 A similar conclusion was reached
by Bdgler and Noble,®4 who used a combination of PDGF
and fibroblast growth factor (FGF) to keep the precursor
cells dividing beyond their normal limit.

All of the studies investigating the intrinsic timing mech-
anism of oligodendrocyte precursor cells have used cells in
culture. Does this timer also operate in the developing ner-
vous system to determine when cells stop dividing and
differentiate? Two lines of evidence suggest that it does.
First, exposing the P8 rat optic nerve to excess PDGF does
not increase the proliferation of oligodendrocyte precursor
cells in the nerve.('® This suggests that precursor cells do
not normally stop dividing and start to differentiate because
of PDGF deprivation, at least at this stage of development.
Second, a cell lineage study in the developing rat brain
found that clones of oligodendrocyte lineage cells contained
either precursors or oligodendrocytes, but not both,®©5

which suggests that the progeny of an individual precursor
cell differentiate synchronously.

The role of p27/kip1

It is not certain whether the timer in oligodendrocyte precur-
sor cells primarily controls the onset of differentiation, the
cessation of proliferation, or both. Because the precursor
cells stop dividing immediately and differentiate when de-
prived of PDGF,@5.29) we suspect that the timer primarily
controls cell proliferation. If this is the case, the timer must,
at some point, interact with the cell-cycle control system
that regulates progress through the cell division cycle. Since
the cells stop dividing and differentiate in the G, phase of the
cell cycle, it is likely that the relevant interactions occur
within the control system that operates in G, (Fig. 3).

The eucaryotic cell cycle is controlled by a family of
cyclin-dependent protein kinases (Cdks), which are cycli-
cally activated to trigger the different phases of the cell cycle
at the right time and in the right sequence.®¢.37) These Cdks
are regulated by at least three types of proteins: cyclins
activate and direct them to their substrates; kinases and
phosphatases activate or inhibit their activity; and cyclin-
dependent kinase inhibitors block the assembly or activity of
the cyclin-Cdk complexes.®6-38 Two families of Cdk inhib-
itors have been identified in mammalian cells, the Cip/Kip
family, which includes p21Cip1, p27Kip1, and p57Ink4b,
and the Ink4 family, which includes p16 ink4a, p15ink4b,
p18ink4c, and p19Ink4d.®9 When over-expressed in cells,
each of these inhibitors arrest the cell cycle in G, (Fig. 3).
Moreover, some cdk inhibitors are up-regulated when de-
veloping cells stop dividing and differentiate, so that they
could well play a part in arresting the cell cycle at the
appropriate time.“0

In principle, the timer in oligodendrocyte precursor cells
might depend on a decrease in a positive intracellular reg-
ulator such as a cyclin or Cdk that promotes cell-cycle
progression, an increase in a negative intracellular regulator
such as a Cdk inhibitor that blocks cell-cycle progression, or
both types of mechanism. It would be advantageous to use
both mechanisms, as this would make the timer more ac-
curate, and, if one mechanism were defective, the timer
would still work, although inaccurately.

Several lines of evidence suggest that the Cdk inhibitor
p27/Kip1 (p27) is part of the timer. First, p27 levels are high
in oligodendrocytes, both in vivo and in vitro, whereas they
are variable in precursor cells.#) Second, p27 levels in-
crease rapidly when precursor cells in culture are deprived
of PDGF; the rate of increase is similar to the rate at which
the precursor cells commit to cell-cycle withdrawal and
differentiation, suggesting that p27 is part of the effector
mechanism.“" Third, p27 levels progressively increase
when P7 precursor cells are cultured in the presence of
PDGF but in the absence of TH,“" conditions where the
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timing component continues to operate, but the effector
component is defective.®9 p27 levels plateau after about 8
days in these cultures, when most of the cells would have
differentiated had TH been present (Fig. 4). In the absence of
TH, however, despite high levels of p27, cells continue to
divide, indicating that high levels of p27 alone are insufficient
to stop the cell cycle. Fourth, p27 levels rise faster at 33°C
than at 37°C, as would be expected if p27 is part of the
timer, since the timer runs faster at the lower temperature.@"
Fifth, and most importantly, oligodendrocyte precursor cells
isolated form p27-deficient mice divide with a normal cell-
cycle time, but many of them go through one or two more
divisions compared to wild-type cells before they differenti-
ate.“2 Detailed analysis of p27-deficient cells suggests that
they are defective in both the timing“2 and the TH-depen-
dent effector2.43 components of the timer.

The generality of the p27-dependent timing
mechanism

It seems likely that p27 plays a similar role in limiting cell
proliferation and timing the onset of differentiation during
normal development in many cell lineages. p27-deficient
mice that lack both copies of the p27 gene grow approxi-
mately one-third larger then normal and contain more cells in
all of their organs, apparently as a result of an increase in cell
division rather than a decrease in cell death.“4-46) Mice with
one inactive copy of the p27 gene are one-sixth larger then
normal,#4-46) suggesting that the precise concentration of
p27 is important, as would be expected if the accumulation
of p27 helps determine when cells stop dividing.

It seems clear, however, that p27 is only a minor com-
ponent of the timer that operates in precursor cells. p27-
deficient oligodendrocyte precursor cells, for example, do
stop dividing and differentiate in culture in the presence of
saturating concentrations of PDGF and TH, just not at pre-
cisely the correct time. What, then, are the other compo-
nents of the timer? The phenotype of mice deficient in
another Cdk inhibitor, p18/Ink4c (p18), is very similar to that
of p27-deficient mice, suggesting that p18 may be another
component.®? In mice deficient in both p27 and p18, some
organs are larger than in mice deficient in either protein
alone, but, even in these doubly deficient mice, precursor
cells still stop dividing and differentiate during development,
suggesting that there are additional components that stop
the cell cycle in these mice.“? It seems likely that some of
these other components will turn out to be intracellular cell-
cycle promoters, such as cyclins or Cdks, whose levels may
decrease to help arrest the cell cycle and initiate differenti-
ation.“®

Genetic studies indicate that p27-like proteins are also
present in C. elegans®“® and Drosophila.“2-5") If the genes
encoding these proteins are inactivated by mutation, devel-
oping cells in multiple lineages go through one or more extra

divisions before withdrawing from the cell cycle.#9-51 |t
seems, therefore, that Cdk inhibitors are involved in stop-
ping the cell cycle at the appropriate time during develop-
ment of all animals.

The role of thyroid hormone (TH)
There is abundant evidence that TH normally plays an im-
portant part in timing oligodendrocyte development. Myeli-
nation, for example, is delayed in hypothyroid animals(52.:53)
and accelerated in hyperthyroid animals.®% Moreover, peri-
natal hypothyroidism decreases the number of oligodendro-
cytes that develop in the rat® and mouse(®®) optic nerve,
and TH increases the number of oligodendrocytes that de-
velop in cultures of brain cells.7:58) While it is clear that TH
activates the effector component of the timer in oligoden-
drocyte precursor cells and so stops division and initiates
differentiation, it is not clear how this is brought about. It is
likely that TH effects are mediated by the B1 isoform of the
TH receptor (TRB1), as TRB1 levels increase in cultured
precursor cells in parallel with their sensitivity to the trigger-
ing effects of TH, whereas levels of TRa are high from the
start, before the cells become sensitive to these effects of
TH.®9 Interestingly, TRB1 levels increase with the same
kinetics as p27, and, like p27, the levels increase faster at
33°C then at 37°C, suggesting that it is also part of the timer
in these cells.(9

Because TH influences the timing of differentiation in
various cell lineages, including muscle, neuronal, and
erythrocyte lineages, it is likely that it plays a part in
coordinating differentiation in different tissues during de-
velopment. The rodent thyroid gland becomes active
around the time of birth, and TH levels progressively
increase during the first weeks of postnatal life.(52.60.61) |t
is well suited therefore to coordinate events, such as
oligodendrocyte differentiation, that occur during this pe-
riod. It has been shown recently, for instance, that TH
triggers the onset of myelin gene expression in both the
Schwann cells and oligodendrocytes that myelinate the
peripheral and central branches, respectively, of the Vllith
nerve in neonatal rats, which might help to ensure that
nerve conduction rates are high when hearing begins.(©2)
Thus, TH may help coordinate some of the events of
postnatal mammalian development, just as it orchestrates
the events of amphibian metamorphosis.©3.64

An intrinsic maturation program in precursor cells

Visualisation of oligodendrocyte precursor cells in the rat
optic nerve at different developmental times shows that they
become progressively more complex as the rats age.©9
Moreover, when these precursor cells are purified at differ-
ent ages and studied in culture, embryonic precursor cells
have a simpler morphology, migrate and divide faster, and
divide more times before they differentiate compared to
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postnatal precursor cells. If purified embryonic cells are
cultured for 10 days or so, however, so that they become
equivalent in age to postnatal cells; the two are indistin-
guishable.®® These findings suggest that the precursor cells
have an intrinsic maturation program that plays out over
time, even when the cells are maintained in a relatively
constant environment and in the virtual absence of other cell
types. It seems likely, therefore, that the intrinsic timer that
controls when these cells stop dividing and differentiate is
only one part of a more complex maturation program. It
remains a mystery how such an intracellular program is
controlled in a way that remains predictable over such a long
period of time.

Other types of precursor cells also have an intrinsic
maturation program that alters their behaviour and re-
sponses to extracellular signals as development pro-
ceeds.(67-70) A dramatic example is seen in multipotential
progenitor cells isolated from the rodent embryonic cere-
bral cortex. When cultured on their own in microwells,
these cells display stereotyped division patterns, which
appear to be cell autonomous and to change with devel-
opment.©9.71) Similar division patterns are observed dur-
ing neural development in nematodes(”? and insects, (3
where they reflect the action of both cell-intrinsic devel-
opmental programs and cell-cell interactions, which co-
operate to generate the diverse cell types that make up
the nervous system.

Heterochronic genes

The identification of some of the components of the timer in
oligodendrocyte precursor cells does not indicate how the
timer works. One needs to understand how the levels of p27
and TRB1 are controlled so they increase with time in the
dividing cells in order to do this.

A powerful approach to determine the molecular basis of
developmental timers is to identify genes that are involved
specifically in regulating the timing of development, these
are the so-called heterochronic genes. This approach, for
example, has identified heterochronic genes in the nema-
tode, C. elegans.(74.75 After hatching from the egg, the worm
develops through four larval stages, separated by molts, to
become a sexually mature adult. During these larval stages,
cell division and differentiation occur at specific times in
invariant patterns.(”2 Mutations in heterochronic genes
cause stage-specific transformations in larval development,
such that cells adopt fates that are characteristic of the
lineage but from an earlier or later stage of develop-
ment.(74.75 Studies of these transformations suggest that
heterochronic genes normally determine the timing of cell
fate choice.(™

Two of these genes Lin-14 and Lin-28 encode intracellu-
lar proteins that play a part in cell fate determination. Both
proteins decrease progressively during larval development,

and this decrease is required for the normal timing of devel-
opment. The decrease depends on the progressive increase
of two small RNAs encoded by a third heterochronic gene
Lin-4. The small RNAs bind to the mRNAs encoded by
Lin-14 and Lin-28 and inhibit their translation.("6-78) |t is
unclear, however, what controls the increase in the small
RNAs during development. Heterochronic genes have been
identified in plants, slime moulds, and fungi, but they have
yet to be described in mammals.

Conclusion

Most of the timing mechanisms that operate during animal
development depend on both intracellular timers and cell-
cell interactions. Although there has been a great deal of
progress in understanding the cell-cell interactions that reg-
ulate development, much less attention has been paid to the
intracellular timers, which therefore remain largely mysteri-
ous. Understanding how these timers operate is one of the
great challenges for developmental biologists in the future.
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