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Control of progenitor cell number by mitogen supply and demand
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Conclusions: Progenitor cell proliferation in the embryo is limited by
environmental factors, not a cell-intrinsic mechanism. The linear
relationship between PDGF supply and final cell number strongly suggests
that cells deplete the mitogenic activity in their environment at a rate
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Figure 2 Figure 3

PDGF concentration controls progenitor cell cycle time in vitro. Spinal
cords from E18 embryos were dissected and cultured overnight in
10 ng/ml or 1 ng/ml PDGF-AA. BrdU was added and the cumulative
labeling index was determined. The oligodendrocyte progenitor cell
cycle was significantly longer at 1 ng/ml than at 10 ng/ml PDGF.
Variation was largely in the G2-M-G1 phases of the cycle.

PDGF, than they did in vivo prior to dissociation (Figure
2). We conclude from the latter observation that PDGF
is limiting for cell division in vivo at both E13 and E17.
There might also be an inhibitory activity in vivo that is
lost when the cells are placed in culture. The reason the
cell cycle slows down in vivo between E13 and E17 is not
because the cells’ inherent ability to respond to mitogens
decreases, but because there is less mitogenic activity in
the extracellular environment. That is, the PDGF concen-
tration falls and/or a putative inhibitory activity rises.

Progenitor cell cycle time depends
on PDGF concentration
To test the principle that a falling PDGF concentration
might slow the progenitor cell cycle in vivo, we measured
the cell cycle time of E18 progenitor cells cultured inCumulative BrdU labeling of oligodendrocyte progenitors in vitro. (a)

Dissociated E13 spinal cord cells were prelabeled with the either 10 ng/ml or 1 ng/ml PDGF. In both saturating
fluorescent dye CFSE (see Materials and methods) before they were and subsaturating PDGF concentrations, the progenitors
mixed with unlabeled E17 cells and cultured overnight. BrdU was

behaved as uniform populations of cycling cells; the pro-then added for various times before fixing and immunolabeling with
portion of BrdU-labeled cells increased linearly with timeanti-NG2 and anti-BrdU. The CFSE and fluorescein signals are both

green, but can be distinguished because CFSE is in the cytoplasm until almost all of the cells were labeled (Figure 3). The
whereas NG2 is on the cell surface. Numbered cells: (1) an (NG21, cell division rate depended on PDGF concentration, how-
BrdU2, CFSE2) E17 progenitor, (2) an (NG21, BrdU1, CFSE1) E13

ever. In 10 ng/ml PDGF, the cell cycle time was 21 6progenitor, and (3) an (NG21, BrdU1, CFSE2) E17 progenitor. The
scale bar represents 10 mm. (b) The BrdU labeling index was plotted 1 hr, whereas in 1 ng/ml PDGF it was 29 6 2 hr (Figure 3).
against time for E13 and E17 cells (see key) in mixed-age cultures Even the latter time is much shorter than is observed in
(left graph) and separate cultures (right graph). Tc and Ts were vivo at E17 (100 6 17 hr), suggesting that the effectivecalculated from the lines of best fit and are shown graphically. The

PDGF concentration might fall significantly below 1 ng/in vivo labeling data from Figure 1 are also shown for comparison.
Points that appear to be on the plateau were not included when ml in vivo. In any case, this experiment demonstrates that
calculating the line of best fit. There is no significant difference between the falling cell division rate in vivo could potentially be
the cell cycles of E13 and E17 cells, unlike the situation in vivo. caused by a dwindling PDGF concentration. Note thatNote also that the division rate is speeded up in vitro compared to

the length of S phase was not affected by the PDGFin vivo for both E13 and E17 cells.
concentration in vitro, consistent with previous studies
on cultured fibroblasts. A similar dependence of cell cycle
time on PDGF concentration was also observed for E14
progenitors (data not shown).
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Figure 4Cell number is controlled by the PDGF supply
in a linear, unsaturable fashion
Cell-intrinsic mechanisms do not appear to be responsible
for limiting progenitor cell number during normal embry-
onic development (see previous two paragraphs). It might
be expected that there would be some inbuilt limit on
proliferation as a fail-safe device, however, in case mito-
genic activity in the environment were deregulated some-
how during development or neoplasia. We imagined that
a cell-intrinsic mechanism would kick in to halt cell divi-
sion if we were to induce extreme hyperproliferation of
progenitor cells by elevating PDGF expression beyond
some critical point in vivo. We tested thisty



236 Current Biology Vol 11 No 4

Figure 5
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Figure 6

Progenitor cell number is proportional to
the PDGF supply. The linear relationship
between PDGF-A and final cell number also
holds when PDGF is underexpressed in PDGF-A
knockouts. (a) Spinal cord sections of E15
mouse embryos hybridized in situ to a
PDGFRa probe: homozygous PDGF-A
knockout (2/2), heterozygous PDGF-A
knockout (1/2), wild type (wt), hemizygous
NSE-PDGF-A (75), and homozygous NSE-
PDGF-A (75/75). Progenitor cell numbers rise
with increasing levels of PDGF-A expression.
The scale bar represents 100 mm. (b) Total
PDGF-A mRNA level was estimated by
RNase protection and plotted against the
number of PDGFRa progenitors counted by
eye in photographic enlargements of the in situ
micrographs. The amount of functional
PDGF-A mRNA was assumed to be zero in
(2/2) embryos and half of normal in (1/2)
embryos, since our RNase protection assay
could not distinguish wild-type from
nonfunctional, hybrid PDGF-A-neo transcripts
in the knockouts. The dose response is linear
(correlation coefficient R 5 0.99). Taken
together with Figure 5, we conclude that
progenitor cell number is directly proportional
to PDGF supply over a range of expression
levels from near zero (PDGF-A null) to more
than ten times normal (75,82/75,82 transgenic).

lular environment. This follows from our observation that PDGF transcript levels (which we take to be an indicator
of the rate of PDGF synthesis and secretion) over a widethe cell division rates of E13 and E17 progenitors were

indistinguishable in vitro in saturating PDGF, even range of PDGF expression. This is perhaps counterintu-
itive, being that mitogen dose–response curves in vitrothough their division rates in vivo were very different.

Slowing of the cell cycle is accompanied by a decline in are typically sigmoidal in shape, rising from background
to maximal (plateau) response over a limited range ofthe rate of increase of progenitor cell number, so that the

cell number reaches a plateau before birth and remains concentrations, about a 10-fold range for oligodendrocyte
progenitors and PDGF [12]. In vitro dose responses, how-stable for some time after birth. It seems likely that cell

cycle dynamics directly influence the final cell number ever, usually record rate of cell division versus mitogen
concentration, whereas our in vivo dose response reflectsand therefore that the cell number is controlled by the

environment, not by a cell-intrinsic counting mechanism. final cell number versus rate of production of mitogen. We
do not know what the effective PDGF concentration isThis does not mean that the intracellular state of cells

stays constant during embryogenesis, but that any intrin- in vivo except that it is limiting (subsaturating).
sic changes that might limit the proliferation rate are prob-

It should be possible to estimate the effective concentra-ably a consequence of the changing mitogenic environ-
tion of PDGF from the measured cell cycle time in vivo,ment outside the cell and remain reversible, at least for
given that cell cycle time seems to be predictably relateda few days (between E13 and E17).
to the PDGF concentration in vitro (Figure 3). At E13,
cell cycle time in vivo was comparable to that measuredThe progenitor cell population in the embryonic cord can

be expanded seemingly without limit, simply by increas- in vitro in the presence of 1 ng/ml PDGF-AA (z30 hr).
Cell cycle time at E17 in vivo was z100 hr, however,ing the rate of supply of PDGF. This strongly supports our

conclusion that the only effective constraint on progenitor suggesting that the effective PDGF concentration is much
less than 1 ng/ml by that time. We have not recapitulatedcell number in the embryonic cord is the extracellular

mitogen supply, and raises the question of whether pro- a 100-hour cycle in vitro, because in very low concentra-
tions of PDGF the cells tend to drop out of divisiongenitor cells would proliferate indefinitely in vivo if an

inexhaustible supply of PDGF could be provided. We and differentiate, as they do in the complete absence
of PDGF. It would be interesting to see whether thecould not approach this condition because higher levels

of PDGF caused spinal deformity and killed the animals. combination of a low concentration of PDGF together
with fibroblast growth factor, which is known to inhibitIt is striking that cell number is directly proportional to
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oligodendrocyte differentiation in vitro [13], would be simple model explains the linear relationship between the
rate of PDGF supply and the final cell number (Figures 5able to keep progenitors dividing slowly in vitro. Omitting

thyroid hormone from the medium might also help [14]. and 6). It also explains why the cell cycle slows down as
the cell number rises (Figure 1), because the shifting

It should be noted that overexpressing PDGF does not balance between PDGF supply and demand should cause
affect the final number of postmitotic, differentiated oli- the PDGF concentration to decrease with time. Finally,
godendrocytes that accumulates after birth [3], despite it explains why the ultimate rate of cell division is the
the increased number of progenitor cells. This is because same in normal mice and transgenic PDGF overexpressers
numbers of progenitors and oligodendrocytes are con- (Figure 4), as the PDGF concentration should be deter-
trolled separately, progenitors by the mitogenic effect of mined solely by the relative rates of PDGF supply and
PDGF and oligodendrocytes by axon-derived survival fac- consumption, which, according to the model, are always
tors [15]. Our previous experiments showed that the rate of equal at steady state.
oligodendrocyte production is elevated in NSE-PDGF-A
mice but that the excess oligodendrocytes are removed We tried to detect a decline in PDGF concentration
by programmed cell death, leaving a normal number of in vivo by Western blotting. We were unable, however,
mature, myelinating cells [3]. to detect PDGF-A in embryonic spinal cord tissue (E12 to

birth) from either wild-type or homozygous NSE-PDGF-A
We previously estimated the average progenitor cell cycle mice, using any of several antibodies against PDGF-A or
time at steady state (E17) to be about 24 hr [3]. To explain an antibody against the Myc tag on the carboxy terminus
how the cells could continue to divide once a day while of transgene-derived human PDGF-A (data not shown).
their number remained constant, we had to invoke large- We were also unable to detect PDGF-A by immunohisto-
scale death and removal of newly formed cells, around chemistry in spinal cord sections. In contrast, we were
200 cells per 10-mm section per day. The fact that we easily able to detect the product of another PDGF trans-
could not detect large numbers of dying oligodendrocyte gene encoding a nonsecreted form of PDGF-A that has
lineage cells in the prenatal spinal cord was not perceived an endoplasmic reticulum retention signal (KDEL) ap-
to be a problem, as dead cells are usually cleared rapidly. pended to its carboxy terminus, either by immunohisto-
Our revised cell cycle time of z100 hr at steady state, chemistry [3] or Western blot (data not shown). It is likely
however, means that the scale of oligodendrocyte death that PDGF is normally secreted rapidly after synthesis
in the prenatal spinal cord can now be revised downward and is difficult to detect once it leaves the cell. We have
to around 50 cells/section/day. in the past been able to detect PDGF immunoreactivity in

situ, but only inside cells, not in the extracellular space [16].
We do not understand why our previous estimates of cell
cycle time (Tc) were 4-fold shorter than they should have

We also tried to detect PDGF activity indirectly by visual-been. The measured labeling index (L) after a single
izing activated PDGFRa on Western blots of newbornBrdU pulse at E17 was similar then and now (z20%). We
spinal cord, using antibodies against both the receptorpreviously assumed an invariant S phase (Ts) of 4 hr;
and phosphotyrosine. Although we could easily detectgiven that it now seems that the S phase is closer to 12 hr
PDGFRa protein, we could not detect autophosphoryla-at E17 (Figure 1), this goes a long way toward explaining
tion. We could readily detect phosphorylated receptorsthe discrepancy at E17 (since Tc 5 Ts/L). It does not
on NIH 3T3 cells that were cultured in the presence ofexplain, however, the discrepancy at E13, when Ts <
10 ng/ml PDGF-AA. We tentatively conclude that the5 hr (Figure 1). We tried without success to replicate
level of receptor phosphorylation in oligodendrocyte pro-our previous results using both our present and former
genitors in vivo is low relative to PDGF-stimulated 3T3experimental paradigms. We conclude that, whatever the
cells, again consistent with our conclusion that the effec-source of error before, our present data are more reliable
tive PDGF concentration in vivo is very low.and should take precedence.

A mitogen depletion model of cell population growth It has been proposed before that dividing cells should
limit their own proliferation by consuming mitogens, onA simple explanation that fits our observations (though

not the only explanation; see Potential role of antiprolifer- the basis of mathematical modeling [17]. Moreover, Hol-
ley and Kiernan [18] showed that the final populationative factors, below) is that the proliferating cells limit

their own proliferation by consuming the available PDGF. density attained by fibroblasts in culture is proportional
to the initial serum concentration, and interpreted this inAs the cells multiply, the rate at which they consume

PDGF (by receptor binding and internalization) increases terms of depletion of serum growth factors by the ex-
panding cell population. This explanation is similar to,in proportion to cell number until the rate of consumption

matches the fixed rate of supply. At this point, increased and sets an early precedent for, the in vivo mitogen deple-
tion model we propose here.competition for PDGF prevents further proliferation. This
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Mitogen depletion could potentially explain other puz- is TGFb1 [24]. Thus, it is not unlikely that they produce
autocrine inhibitors of cell proliferation in vivo too, al-zling examples of cell number control. One example is
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Figure 7 bearing cells were also NG-2 immunoreactive, and more than 95% of
NG-2-positive cells were PDGFRa positive.

BrdU labeling in vitro
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