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Abstract

Background: Existing quantitative models of mouse cerebral cortical development are not fully

constrained by experimental data.

Results: Here, we use simple difference equations to model neural progenitor cell fate decisions,
incorporating intermediate progenitor cells and initially low rates of neural progenitor cell death.
Also, we conduct a sensitivity analysis to investigate possible uncertainty in the fraction of cells that

divide, differentiate, and die at each cell cycle.

Conclusion: We demonstrate that uniformly low-level neural progenitor cell death, as concluded
in previous models, is incompatible with normal mouse cortical development. Levels of neural
progenitor cell death up to and exceeding 50% are compatible with normal cortical development
and may operate to prevent forebrain overgrowth as observed following cell death attenuation, as

occurs in caspase 3-null mutant mice.

Background

Essentially every excitatory neuron in the cerebral cortex is
born from a heterogeneous pool of mitotic cells (referred
to collectively as neural progenitor/precursor cells
(NPCs)) in the embryonic ventricular zone (VZ) [1-4].
During a 'neurogenic interval' in mouse - commencing at
embryonic day (E)10 in the rostro-medial cortex and con-
cluding at E18 in the caudo-lateral cortex [5-7] - the
founding NPC population expands through proliferative
divisions until it is exhausted by terminal differentiation
and programmed cell death (PCD). NPC proliferation
must be balanced with the operation of PCD to produce a
sufficient, but not supernumerary, neuronal population.
Understanding of the cellular and genetic mechanisms
controlling the size of the cerebral cortex, among the most

notable distinctions of the brain's evolution [8,9], could
benefit from an accurate quantitative model of the fate
decisions made by NPCs.

Initial models of mouse NPC fate decisions are insuffi-
ciently constrained because it was assumed that cell divi-
sions outside of the VZ do not contribute cortical neurons
[10]; however, itis now clear that non-VZ mitoses contrib-
ute significant numbers of cortical neurons [11-13]. Ear-
lier models also lacked direct measurement of an
important parameter, the founding NPC population size,
instead relying on two related but less direct measure-
ments [14]: changes in the size of the VZ (from which the
number of NPCs is extrapolated) and the fraction of cells
emigrating from the VZ (from which VZ neuronal output
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is calculated). Direct measurement of the size of the
founding NPC pool [15,16] provides a more accurate
description than extrapolation and addresses a limitation
of early models. These data are employed to constrain
new models as pursued here.

A direct quantitative implication of non-VZ neuronal pro-
duction is that additional PCD will be required to offset
additional neuronal production. Reports of previous
models contend that NPC death is an insignificant com-
ponent of neurodevelopment [17-19] despite empirical
data that are consistent with significant NPC death. Data
supporting much higher levels of NPC death than pro-
posed in prior models were first reported using a sensitive
DNA end-labeling technique, 'in situ end-labeling plus'
(ISEL+), and ligation-mediated PCR [20-24]. Additional
support came from recent analyses of NPC progeny,
marked using a genomically encoded lineage tracer; here,
the progeny clone size was found to diminish markedly at
E14 [25]. Perhaps most compelling, deletion of numerous
pro-cell death genes, including those encoding caspase 3
[26], caspase 9 [27], APAF1 [28], Bax, Bak [29], and Pten
[30], as well as novel molecules like ephrins [31], all lead
to brain overgrowth phenotypes. Conversely and consist-
ently, null mutations in pro-survival genes (for example,
those encoding Bcl-x [32], Survivin [33] and Mdl-1 [34])
lead to smaller brains. Given this large body of empirical

Table I: Model parameters and constraints
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evidence, new models should account for the more exten-
sive operation of PCD during cortical neurogenesis.

Here we report new quantitative models that incorporate
new data and are consistent with cortical PCD empirical
evidence. In particular, with respect to total neuronal pro-
duction, we demonstrate a clear requirement for substan-
tial NPC death during mouse cerebral cortical
development. These models further provide a quantitative
explanation of neurodevelopmental cortical overgrowth
phenotypes produced by PCD attenuation as observed in
caspase 3-null mutant mice.

Results

Simple models of NPC fate decisions require intermediate

levels of cell death

Using cumulative labeling of newly synthesized DNA and
explicit counting of each labeled cell migrating from the
VZ and subventricular zone, the fraction of terminally dif-
ferentiating cells has been measured experimentally
[14,18]. We denote these fractions ¢;, wherei=1, 2,..., 11
for the 11 cell cycles (CCs) estimated to occur during the
neurogenic interval (Table 1). These data, ¢; and the esti-
mated initial population of NPCs (P,), allow us to deter-
mine, through mathematical modeling, what fractions of
NPC death at each CC, d;forI=1, 2,..., 11, yield VZ output
consistent with experimental counts of the total number
of excitatory neurons in the mature mouse cerebral cortex.

Parameter Symbol Values References
Founding NPC population Py 5to 6 x |05 [15,16]
NPC CC number i lto 11 [6]
Fraction of NPCs that become newly q; q, = 0.005; q, = 0.04; [14,37]
post-mitotic neurons q3=0.09;q,=0.14;
gs=0.21;9,=0.31;
q;=0.42; g3 = 0.54;
Gy =0.69;q,0= 0.84;
qu=10
Fraction of NPCs that die at it" CC d; 5% to >50% [12,13,17]
After ith CC, number of new:
Post-mitotic cells Q Model specific,
NPCs P, see text
Dying daughter cells D,
Total neurons produced from NPCs z Q; I x 107to 2.72 x 107 See text
1
VZ output
Cortical neurons 10 to 16 x 108 [53,54]
Cortical interneurons 15 to 30% of cortical neurons [20,24,35]
Post-natal cell death 30 to 50% of cortical neurons [20,24,55]
Fraction of IPCs at each CC q; q,=0;¢,=0;¢3=0; [10,12,13]
q'4=0;q'5=0.12;
q's=0.12;¢',=0.16;
q's=0.16; ¢'y=0.54;
q'10=0.54;q',, = 0.54
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To this end, we require an estimate for the plausible range
of total VZ neuronal output.

The total number of neurons in the adult mouse cerebral
cortex has been estimated at between 1.0 x 107 and 1.6 x
107 (Table 1 and references therein), and we use this esti-
mate to constrain simulations of VZ output. Approxi-
mately 15 to 30% of the estimated total neuronal
population consists of inhibitory interneurons. In addi-
tion, the estimate of 1.0 to 1.6 x 107 neurons includes cell
loss that is due to 30 to 50% post-mitotic (non-VZ) cell
death (Table 1 and references therein). Taking these fig-
ures into consideration, we can determine a range for
plausible VZ output as follows. First, a lower bound on VZ
output corresponds to taking the low estimate of 1.0 x 107
neurons and assuming that 30% of these are interneurons
and that there was only 30% post-mitotic death; that is, a
lower bound on VZ output is ((1.0 x 107) x (1 - 0.3))/(1
- 0.3) = 1.0 x 107. Similarly, an upper bound on VZ out-
put follows from taking 1.6 x 107 neurons and assuming
that 15% are interneurons and that 50% post-mitotic cell
death occurred; thus, a plausible upper bound on VZ out-
putis ((1.6 x 107) x (1 - 0.15))/(1 - 0.5)) = 2.72 x 107.

Therefore, data suggest that an accurate quantitative
model of mouse cerebral cortical neurogenesis should
yield a plausible range of VZ output between 1.0 x 107 and
2.72 x 107. However, the published estimate of 140 prog-
eny per founding NPC [18] corresponds to 7.7 x 107 NPC
progeny produced by 5.5 x 105 founding NPCs. NPC
death was presumed negligible when calculating this
progeny-per-NPC estimate and it cannot be reconciled
with the maximum plausible VZ output.

To address this apparent contradiction, we calculated VZ
output at various levels of NPC death using two related
models of daughter cell fate decision-making (Figure
1A,B; Materials and methods). Model D, is derived from
the experimental observation that NPC cell death occurs
during the G1 phase of the CC [35], whereas model D, is
more similar to existing models [17,18]. In both, the
residual proliferative population before the i"CC,
denoted P, ,, is doubled at mitosis. In model D, (Figure
1A), no cells die prior to cell division while in model D,,
death is imposed before each division. As a simple conse-
quence, when d, is uniformly constant, model D, with
founding population P, is equivalent to model D, with
founding population Py/(1-d;). Thus, without NPC death
(di = 0 for all i), the same VZ output is calculated for each
model: 8.4 x 107, or 153 progeny per NPC. Assuming d; =
0.05 for all i, as measured using the less-sensitive tech-
nique terminal dUTP nick-end labeling (TUNEL) [35], VZ
output for Dg; and D, are 5.8 x 107 and 5.5 x
107respectively, both more than twice the plausible upper
bound on VZ output (2.72 x 107) established above.

http://www.neuraldevelopment.com/content/4/1/28

Caviness and colleagues [18] calculated that a founding
population of 2.5 x 105 NPCs was compatible with their
model. The plausibility window when P, = 2.5 x 105
accommodates between 5 and 17% NPC death for model
D¢, and between 4 and 15% NPC death for model D,
(data not shown). These calculations suggest that a signif-
icant reduction of the founding NPC pool could be con-
sistent with lower levels of cell death during development;
however, this explanation is not consistent with two inde-
pendent measurements of the founding NPC pool size
[15,16].

Our models allow us to view the range of plausible VZ
output as a function of PCD over the course of 11 CCs,
and we refer to this correspondence as the 'plausibility
window.' For example, as shown in Figure 1C,D, a plausi-
ble range of VZ output is observed when 13% <d; < 26%
for all i. Because of the delayed depletion of the prolifera-
tive population, the corresponding range of plausible d;
values in model D, is broader than that calculated using
model D, (that is, 15 to 26% versus 13 to 23%, respec-
tively). Neither model D, or D, matches the experimen-
tal measurements of either 5% NPC death using TUNEL
or 50% NPC death using ISEL+; however, these calcula-
tions do demonstrate that 5% NPC death is too low to cal-
culate VZ output adequately in the normal mouse brain.

Sensitivity analysis of model DG,

Measurements of CC duration together with the fraction
of NPCs that differentiate at experimentally defined ages
permits extrapolation of model parameter g, for each i
[14]. Sensitivity analysis [36] provides a means of deter-
mining the relationship between inherent uncertainty in
these estimates of ¢; and uncertainty in simulated VZ out-
put.

Using a Monte Carlo approach, we sampled each ¢;and d;

as normally distributed random variables with means ¢;
and L_ii taken from [14,37] and variance given by
vi(1-7,)7; and v,(1—-di)d; (Materials and methods).
For example, for g, =0.42 and v; = 0.5 we have g,
~N(0.42, 0.122). Sampling the 22-dimensional parame-
ter space for ¢;and d,, and then computing VZ output for
each sample point in parameter space, allowed us to
determine that v; = v, = 0.5 gives plausible VZ output for
>90% of the model realizations (Figure 2A).

For v, = v, = 0.5, we computed the first-order sensitivities
of VZ output to variation in each ¢; and d; (Materials and

methods). The first-order sensitivities S, and S, are
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Appropriate ventricular zone (VZ) output requires greater than 5% neural progenitor cell (NPC) death. (A, B)
Two simple cell decision paradigms are used to identify a plausibility window and calculate viable levels of NPC death. Begin-
ning at 'P' and following the arrows clockwise, in model D¢ (A) the NPC population P, is doubled at the ith mitosis, then NPC
death, 'D," and differentiation, 'Q," are imposed, so that the P population for the subsequent cell cycle (CC) is given by P;= 2(l
- d;- g)P;,. (B) In model D¢, dying NPCs are removed from the NPC population prior to doubling the population, and P;= (I -
g)2(1 - d)P;,. (C, D) Model output from P, = 550,000. VZ output (total Q cells, y-axis) is plotted after || CCs when the indi-
cated fraction of NPCs die at each CC (Death, x-axis). The window of plausible VZ output, between | % 107and 2.72 x 107, is
indicated by dashed lines. (C) Using model D¢, the center of the plausible VZ output range (total Q cells = 1.86 x 107) corre-
sponds to 19% NPC death, as indicated by the solid line that descends from plotted VZ output to the x-axis. (D) Similarly, the
center of the plausibility window using model D, corresponds to 17% NPC death.

measures of how uncertainty in each ¢;and d; drives uncer-

tainty in VZ output. For example, when S, is close to

zero for a given g, significant variation in VZ output can
still occur despite fixing this ¢;. We find that death rates in
the first few CCs and differentiation rates in the middle
CCs can account for the most significant portion of model
variability; yet even the largest S, and S; are only
approximately 10% (Table 2). As such, variation in VZ
output is hardly attributable to variation in any one g, or
d;. An obvious explanation is that, given exponential

growth conditions, outlying values of either g; or d; in early

CCs are easily compensated by outliers in later CCs. Inter-
estingly, significant variation in ¢; and d; from the mean

values ¢; and c_ii can still yield plausible VZ output (Fig-
ure 2B).

Intermediate progenitor cells alter the plausibility window
NPC mitoses occur on the ventricular surface, but 'non-
surface' mitoses are also observed in the developing cor-
tex. Initially, these cell divisions were erroneously consid-
ered non-neuronogenic [10], but proliferative
intermediate progenitor cells (IPCs) - daughter cells of
NPCs that have migrated to the subventricular zone and
intermediate zones, and are immunoreactive for the tran-
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Model Dg;, is insensitive to perturbations in q;and d;. (A) Most (>90%) model realizations give plausible ventricular zone

(VZ) output (gray bars). The distribution of 10,000 simulations of VZ output (where c_ii = 0.19 for all i) is plotted as a histo-

gram. Simulation outputs follow a log-normal distribution. The solid vertical line indicates the geometric population mean, and
dashed vertical lines indicate | and 2 standard deviations from the mean. (B) Three examples of points in 22-dimensional
parameter space where plausible VZ output is observed. The q fractions are plotted along a dashed line and d fractions are
plotted along a solid line. The upper panel is from a bin below the mean, the center panel is from the bin at the mean, and the

lower panel is from a bin above the mean. CC, cell cycle.

scription factor Tbr2 - are now known to contribute addi-
tional excitatory neurons to the mouse cerebral cortex [11-
13].

To determine how IPCs may affect the level of NPC death
required for plausible VZ output, IPC subpopulation lev-
els were extrapolated from the literature (Table 1 and ref-
erences therein) and these constraints were incorporated
into both models. We take a fraction of the Q cell popula-
tion after the ih division - that is, we denote ¢,'Q; as the
size of an IPC subpopulation - and these cells undergo an
additional CC, doubling their contribution to the total Q
population (Figure 3A,B). In initial modeling, we assume

Table 2: Representative sensitivity analysis

that additional IPC CCs and IPC death either do not occur
or at least offset each other, and we include those IPCs
generated after the last NPC CC in the VZ output calcu-
lated for CC,;. With the inclusion of IPCs, VZ output
without NPC death increases to 1.1 x 10% in model D,
and more than doubles to 2.1 x 10? in model Dy, (Figure
3C,D). With 5% NPC death, model D, calculates VZ out-
put to be 7.3 x 108 and model D, calculates 1.3 x 109
(Figure 3C,D). Since the g;' fraction is largest in the last
three CCs, IPCs have a relatively small effect on the plau-
sibility window; it expands slightly to accommodate 17 to
29% NPC death in model D; and 20 to 29% NPC death
in model D,. Importantly, a larger IPC population (from

Cell cycle
I 2 3 4 5 6 7 8 9 10 I
Sq; 0.0007 0.0041 0.016l 0.03 0.055 0.0974 0.065 0.0314 0.0079 0.0012 0.0005
Sd, 0.109 0.1105 0.1144 0.0914 0.0728 0.0629 0.0452 0.0151 0.0038 0.0006 0.0004
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Intermediate progenitor cells (IPCs) modestly increase the requirement for neural progenitor cell (NPC)
death. (A, B) IPCs (IP) are incorporated into (A) model D, and (B) model D¢, similarly. A fraction of Q cells (q) become
IPCs, undergo one CC (2 *IP), then re-enter the Q population. (C, D) Ventricular zone (VZ) output plotted as described in
Figure I. (C) In model D¢, the plausibility window is centered at 22% NPC death. (D) In model D, the plausibility window is

centered at 24% NPC death.

a larger IPC fraction or additional IPC CCs without IPC
death) could increase, but not decrease, the requirement
for NPC death.

Cortical development with 5% NPC death at early CCs
requires more than 50% NPC death at later CCs

A primary objection to the idea of substantial NPC death
is the intuition that > 50% NPC death throughout neu-
rodevelopment would preclude expansion of the NPC
pool. However, the level of NPC death need not be con-
stant at each CC. For example, ISEL+ labels approximately
5% of cells at E10 and the percentage increases signifi-
cantly thereafter [20,35]. Moreover, NPC lineage analyses
using a genomically encoded marker found that clone size
increased during early development but then diminished
after E14 [25], suggesting significant cell death with

corpse elimination at later, but not earlier, CCs. These
empirical observations are also consistent with increased
model sensitivity to the levels of death at earlier CCs
(Table 2). Together, these data suggest that early 'expan-
sion' CCs occur; initially, low PCD levels — for example,
setting d; = 0.05 for 1 < i < 4 provides for four expansion
CCs - further constrain VZ output. Here we calculate the
corresponding amount of NPC death required during
later CCs for plausible VZ output.

The fourth neurogenic CC takes place on E12, a time
when significant ISEL+ labeling was observed [20]. VZ
output with three, four, or five expansion CCs amplifies
differences between models D, and D,. In model D,
with three expansion CCs, the plausibility window per-
mits 21 to 42% NPC death; four expansion CCs permit 26
to 56% NPC death; and five expansion CCs permit 36 to
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Figure 4

Expansion cell cycles permit much more neural progenitor cell (NPC) death at later cell cycles (CCs). Ventricu-
lar zone (VZ) output plotted as described in Figure |. During expansion CCs, d;= 0.05; NPC death during subsequent CCs is
indicated on the x-axis. (A, B) After three expansion CCs the plausibility window is centered at 29% using model D¢, (A) and
24% using model Dg, (B). (C, D) After four expansion CCs the plausibility window is centered at 37% using model D¢, (C)
and 28% using model D, (D). (E, F) After five expansion CCs the plausibility window is centered at 53% using model D, (E)
and 36% using model Dg, (F).
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>80% NPC death (Figure 4A,C,E). Using model D,, the
plausibility window is less broad and accommodates less
NPC death. After three expansion CCs the D, plausibility
window permits 17 to 34% NPC death; after four expan-
sion CCs it permits 20 to 41% NPC death; and after five
expansion CCs it permits 25 to 54% NPC death (Figure
4B,D,F).

We note here that inclusion of four or five expansion CCs
makes model D;; and model D, readily distinguishable
from one another. This distinction is a consequence of the
differential involvement of cell death when expansion
CCs begin and end, and illustrates some additional sensi-
tivity to the size of the founding NPC population. As
described above, during the first CC in model D, the
founding population is reduced before mitosis; therefore,
for uniformly constant cell death, model D, with initial
population P is equivalent to model D, with initial pop-
ulation d, P,,. Although this distinction leads to only subtle
differences in most simulations, when considering the
relationship between expansion CCs and plausible levels
of NPC death, model D, with four or five expansion CCs
illustrates additional potential for biological variation.

Early expansion CCs and IPCs together are most com-
patible with experimental data and further support
high levels of NPC death

Both expansion CCs and IPC CCs occur during normal
mouse brain development. When NPC population kinet-
ics include expansion CCs (as shown in Figure 4) and
IPCs (as shown in Figure 3), the plausibility window is
broadest. For model D, with IPC CCs, three expansion
CCs permit 26 to 46% NPC death and four permit 32 to
60% NPC death (Figure 5A,C). After five expansion CCs,
VZ output already exceeds the minimum calculated esti-
mate of cortical neurons (data not shown), with = 43%
NPC death required during the remaining CCs to restrain
VZ output (Figure 5E). As above (Figure 3), model D,
with IPC CCs yields a lower and narrower range of NPC
death levels: 28 to 41% with three expansion CCs, 32 to
49% with four expansion CCs, and 38 to 61% with five
expansion CCs (Figure 5B,D,F).

Discussion

Cell death amongst NPCs is a prominent feature of neuro-
genesis in other regions of the nervous system (for exam-
ple, retina; reviewed in [38,39]); however, the amount of
NPC death during mouse cerebral cortical development is
debated [40,41]. Employing published cell counts to esti-
mate ranges of neuronal population size in the mouse cer-
ebral cortex, we calculated a plausible range of VZ output
for normal mouse neurodevelopment. Models D, and
D, use simple difference equations to capture essential
features of previous probabilistic models. Model D, with

http://www.neuraldevelopment.com/content/4/1/28

three to five early expansion CCs, a pool of IPCs, and NPC
death near 50% incorporates the most experimentally
observed constraints and is consistent with NPC death
levels as observed in ISEL+ analyses [22,42,43].

Comparison with contemporary models

Apart from initial modeling by Takahashi, Caviness, and
colleagues (referenced throughout), Gohlke, Faustman,
and colleagues [17,44] have used a Kolmogorov forward
equation to compute the probability distribution for
mouse VZ output explicitly, as a continuous-time Markov
chain. In contrast, we estimate this same probability dis-
tribution by repeatedly simulating a deterministic differ-
ence equation with random perturbations taken from
assumed distributions. This allows us to illustrate how sig-
nificant variation in g; and d, fractions, over the course of
11 CCs, can occur and still yield plausible VZ output (Fig-
ure 2B). In population measurements using stereological
counting, variation at the level of subpopulations of NPCs
would probably go unnoticed, yet this may be an impor-
tant feature of cerebral cortical development. While such
variation is implicit in the Kolmogorov forward equation
approach, Monte Carlo allows us to view sample trajecto-
ries that illustrate this variation.

The Gohlke models also observe that the original Taka-
hashi models lead to VZ output that exceeds experimental
counts of cortical neurons by at least threefold [44]. How-
ever, these authors use two additional parameters (in
addition to low-level NPC death) to reduce cortical neu-
ron production to plausible levels: a diminished growth
fraction insofar as not all VZ cells are progenitor cells and
a clearance time for dying NPCs. Many NPCs co-label for
bromodeoxyuridine and ISEL+ [20,24,42]; therefore,
Gohlke and colleagues have likely recast some additional
NPC death as a 'diminished' growth fraction. These
parameters have the effect of reducing the proliferative
population from which any given ¢ fraction is taken. Con-
sequently, the overproduction observed using the Taka-
hashi model is limited and plausible levels of VZ output
are obtained from the Gohlke mouse model [17,44].

The Gohlke mouse model is reportedly compatible with
levels of NPC death up to 24% [17]. This value is in good
agreement with 13 to 26% NPC death calculated using
models D; and D, (Figure 1). Despite this, Gohlke and
colleagues [17,45] report subsequent model analysis
using NPC death rates at or near 0% NPC death. The con-
trasting higher levels of NPC death required in Gohlke
models of primate cortical neurogenesis [45], relative to
murine cortical neurogenesis, may simply reflect an
underestimation of mouse NPC death.
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Figure 5

Constrained models require substantial levels of progenitor cell (NPC) death. Ventricular zone (VZ) output as plot-
ted in Figure |, including intermediate progenitor cells (IPCs) as in model D¢, (Figure 3A) and model D, (Figure 3B). (A, B)
After three expansion cell cycles (CCs) the plausibility window is centered at 33% using model D¢, (A) and 33% using model
D¢, (B). (C, D) After four expansion CCs the plausibility window is centered at 42% using model D¢, (C) and 39% using

model D, (D). (E, F) After five expansion CCs the plausibility window is centered at 59% using model D, (E) and 47% using
model D, (F).
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TUNEL underestimates NPC death

A strong implication of all modeling experiments pre-
sented here is that TUNEL significantly underestimates
NPC death during mouse cerebral cortical development.
This reflects technical differences in sensitivity between
the two procedures, with ISEL+ being approximately ten
times more sensitive than the originally reported TUNEL
technique [21,22]. ISEL+ detects more dying cells not only
amongst NPCs, but also in other tissues like the thymus
and small intestinal villus [43]. Consistent with a tenfold
reduced sensitivity relative to ISEL+, TUNEL detects as few
as one-tenth of the dying NPCs (5% versus 50%).

Consideration of the caspase 3-deficient phenotype

In order to reconcile the approximately 5% NPC death
proposed by prior models [18] with the forebrain over-
growth phenotype observed in caspase 3-deficient mice, it
has been proposed that NPC death may occur normally in
a small population of neuroepithelial stem cells or radial
glia at an early age (<E12) [46]. The claim is that addi-
tional survival of a few such cells could underlie forebrain
overgrowth in caspase 3-deficient mice because each of
these individual cells might ultimately give rise to many
neurons (approximately 140 according to estimates from
concurrent models). However, this notion is inconsistent
with experimental data demonstrating marked over-
growth of NPCs in caspase 3-null embryos by E12, before
large numbers of NPC progeny emigrate to the cortex
[26,42].

Our models are consistent with changes in NPC and neu-
ronal populations that have been observed following
experimental attenuation of PCD. For example, a 20%
reduction in NPC death from the midpoint of any plausi-
bility window corresponds to VZ output that exceeds the
upper bound for that plausibility window. This is strik-
ingly consistent with a 30% reduction in ISEL+ labeling of
NPCs observed in caspase 3-deficient mice [42], where
exceptional forebrain overgrowth is observed. We suggest
that an in vivo correlate of 'exceeding the plausibility win-
dow' is forebrain overgrowth.

Predictions derived from observing the plausibility window
The breadth of the plausibility window provides a com-
parative measure of model robustness with respect to via-
ble levels of NPC death. In some scenarios the slope of VZ
output is steep (Figure 1D), and a 10% difference in NPC
death leads to marked differences in VZ output, while a
similar 10% change has little impact on VZ output in
models where the slope is less steep (for example, Figure
4E). Notably, early expansion CCs (Figure 4), rather than
the size of the founding NPC population or additional
IPC progeny (compare Figures 2 and 3), significantly
extend the range of NPC death that is compatible with
plausible VZ output. Although modeled during the first

http://www.neuraldevelopment.com/content/4/1/28

three to five CCs here because of experimental evidence
for pre-E12 expansion CCs [20,25], transient low-level
NPC death could theoretically operate during any CC. It is
tempting to speculate that high levels of NPC death at
later CCs follow from low levels of NPC death during
early expansion CCs. A similar process has been reported
in embryonic stem cells earlier in development [47,48]
and may be related to a permissive decatenation check-
point observed in NPCs [48].

One might predict that other perturbations leading to
transient high levels of NPC death at early CCs could lead
to low level NPC death at later CCs. In this scenario,
developmental accommodation of atypical NPC death
might occur at the level of stem cell niches [49,50], pro-
viding sufficient, but not necessarily 'normal,' VZ output.
Perhaps local control of NPC death could insulate cere-
bral cortical development against genetic differences and
chemical or environmental insults. Given genetic diversity
among NPGCs, produced in part by chromosomal aneu-
ploidy [51] and retrotransposition [52], differences in
NPC death amongst individuals suggests selection and/or
survival mechanisms that influence the mosaic composi-
tion of an individual's cerebral cortex.

Conclusion

Models D, and Dg, resolve discrepancies existing
between previous models and experimental data; further-
more, these models provide a quantitative account for
qualitative differences observed during PCD-attenuated
cerebral cortical development. This theoretical framework
should motivate additional experimental investigation of
expansion CCs and reinterpretation of other cortical
development phenotypes that measured PCD among
NPCs using only TUNEL staining.

Materials and methods

The order in which NPC death, differentiation, and prolif-
eration are imposed alters VZ output, so it is natural to
consider two related models. For the first model, D, the

number of generated neurons at the i" CC is Q; = 2¢,P, ;,
where P, ; is given by P; = (1 - d,)(1 - ¢;)2P;,. Here, (1 -
q;)2P;, is the number of non-emigrating daughter cells
after the i division and d,(1 - ¢;)2P;, of these die, leaving
P(1-4d;)(1 - q;,)2P; ; to divide again. Alternatively, impos-
ing death before imposing differentiation gives Q, = ¢,(1 -
d;) 2P, while, again, P,(1 - d;)(1 - ¢;)2P;; many NPCs go
through the it" CC. We refer to this model as D,. In each
of these two related models, the total VZ output over 11
NPC CCs is VZ = Z Q; . Viewing VZ = VZ(q, d) as a
i 11

i=1,...,

function of all ¢;and d; - that is, 4 = (g;) and d = (d,) are
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11-dimensional vectors — allows us to explore how total
VZ output is sensitive to variation in ¢; and d,.

Defining q = (c_]i) and d =(d;) as the mean differentia-
tion and death rates, we generate random values ¢ = (¢;)
and d = (d;) using a normal distribution. As variances we
use v,(1—-4;)9; and v,(1 —di)d; so that when either g, or
d; are close to 0 or 1, sampling rarely provides values that
are nonbiological; that is, less than 0 or greater than 1. To
indicate this distribution, we write ¢; ~ N(q;,v,(1-4,)q;)
and d; ~ N(di,v,(1 - di)d;) . Then, following Saltelli et al.

[36], we define first-order sensitivities:

Sq, = VarlE[VZ(q,d | q;)]]/ Var[VZ(q, d)]

q

and
Sq, = Var[E[VZ(q,d |d})]]/ Var[VZ(q,d)]

where Var [VZ(q, d)] is the variance in VZ output that
arises when all ¢; and d; are randomized (for example,
10,000 runs) and where Var |E[VZ(q, d|q,)]], for example,
is the variance in expected VZ output that arises when, for
some fixed k, all g; with i # k are allowed to vary. That is,
to compute Var [E[VZ(q, d|q,)]]. g, is fixed repeatedly
d; ~N(q;,vi(1-q;)q;) for all i
d; ~ N(ai,vl(l—;ii)c_ii) for all i = 1, 2,..., 11. Then, the
average (expected) VZ output is taken, and this entire

process is repeated (for example, approximately 100
times) to determine the variance of such an average.

while # k and

Calculations were performed using MatLab version 7.7.0
(Mathworks, Natick, MA, USA) as detailed in the text. Fig-
ures were prepared using Illustrator and Photoshop
(Adobe Systems Inc., San Jose, CA, USA). The MatLab
scripts are available as additional files 1 and 2.

Abbreviations

CC: cell cycle; E: embryonic day; IPC: intermediate pro-
genitor cell; ISEL+: in situ end-labeling plus; NPC: neural
progenitor/precursor cell; PCD: programmed cell death;
TUNEL: terminal dUTP nick-end labeling; VZ: ventricular
zone.

http://www.neuraldevelopment.com/content/4/1/28

Additional material

Additional file 1

matlab script.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-4-28-S1.zip]

Additional file 2

matlab script.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-4-28-S2.zip|

Acknowledgements

We are very grateful to Drs S Rehen, D Kaushal, M Kingsbury, A Yang, L
Cai, L Chao, T Haydar, and P Yeh for helpful discussions. This work was
supported by a NIGMS pharmacology training grant (MM), NSF/EPSCoR
grant no. EPS 0447660 (HM), and MH51699 (JC).

References

I.  Gotz M, Huttner WB: The cell biology of neurogenesis. Nat Rev
Mol Cell Biol 2005, 6:777-788.

2. Capela A, Temple S: LeX is expressed by principle progenitor
cells in the embryonic nervous system, is secreted into their
environment and binds Wnt-1. Dev Biol 2006, 291:300-313.

3. Fishell G, Kriegstein A: Cortical development: new concepts.
Neuron 2005, 46:361-362.

4. Bystron |, Blakemore C, Rakic P: Development of the human cer-
ebral cortex: Boulder Committee revisited. Nat Rev Neurosci
2008, 9:110-122.

5. Angevine |B, Sidman RL: Autoradiographic study of cell migra-
tion during histogenesis of the cerebral cortex of the mouse.
Nature 1961, 192:766-768.

6.  Takahashi T, Nowakowski RS, Caviness VS Jr: The cell cycle of the
pseudostratified ventricular epithelium of the embryonic
murine cerebral wall. | Neurosci 1995, 15:6046-6057.

7. Bayar SA, Altman J: Neocortical Development New York: Raven Press
Ltd; 1991.

8.  Rakic P: A small step for the cell, a giant leap for mankind: a
hypothesis of neocortical expansion during evolution. Trends
Neurosci 1995, 18:383-388.

9. Kriegstein A, Noctor S, Martinez-Cerdeno V: Patterns of neural
stem and progenitor cell division may underlie evolutionary
cortical expansion. Nat Rev Neurosci 2006, 7:883-890.

10. Takahashi T, Nowakowski RS, Caviness VS Jr: Early ontogeny of
the secondary proliferative population of the embryonic
murine cerebral wall. | Neurosci 1995, 15:6058-6068.

I'l. Haubensak W, Attardo A, Denk W, Huttner WB: Neurons arise in
the basal neuroepithelium of the early mammalian telen-
cephalon: a major site of neurogenesis. Proc Natl Acad Sci USA
2004, 101:3196-3201.

12. Noctor SC, Martinez-Cerdeno V, lvic L, Kriegstein AR: Cortical
neurons arise in symmetric and asymmetric division zones
and migrate through specific phases. Nat Neurosci 2004,
7:136-144.

13. Englund C, Fink A, Lau C, Pham D, Daza RA, Bulfone A, Kowalczyk T,
Hevner RF: Pax6, Tbr2, and Tbrl are expressed sequentially
by radial glia, intermediate progenitor cells, and postmitotic
neurons in developing neocortex. | Neurosci 2005, 25:247-251.

14.  Takahashi T, Nowakowski RS, Caviness VS Jr: The leaving or Q
fraction of the murine cerebral proliferative epithelium: a
general model of neocortical neuronogenesis. | Neurosci 1996,
16:6183-6196.

Page 11 of 12

(page number not for citation purposes)


http://www.biomedcentral.com/content/supplementary/1749-8104-4-28-S1.zip
http://www.biomedcentral.com/content/supplementary/1749-8104-4-28-S2.zip
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16314867
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16458284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16458284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16458284
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15882631
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18209730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18209730
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17533671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17533671
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7482803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7482803
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17033683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17033683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17033683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7666189
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14963232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14963232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14963232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14703572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14703572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14703572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15634788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15634788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15634788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8815900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8815900
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8815900

Neural Development 2009, 4:28

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

Haydar TF, Nowakowski RS, Yarowsky PJ, Krueger BK: Role of
founder cell deficit and delayed neuronogenesis in microen-
cephaly of the trisomy 16 mouse. | Neurosci 2000, 20:4156-4164.
Vaccarino FM, Schwartz ML, Raballo R, Rhee J, Lyn-Cook R: Fibrob-
last growth factor signaling regulates growth and morpho-
genesis at multiple steps during brain development. Curr Top
Dev Biol 1999, 46:179-200.

Gohlke JM, Griffith WC, Faustman EM: The role of cell death dur-
ing neocortical neurogenesis and synaptogenesis: implica-
tions from a computational model for the rat and mouse.
Brain Res Dev Brain Res 2004, 151:43-54.

Caviness VS Jr, Takahashi T, Nowakowski RS: Neuronogenesis and
the early events of neocortical histogenesis. Results Probl Cell
Differ 2000, 30:107-143.

Cai L, Hayes NL, Takahashi T, Caviness VS Jr, Nowakowski RS: Size
distribution of retrovirally marked lineages matches predic-
tion from population measurements of cell cycle behavior. |
Neurosci Res 2002, 69:731-744.

Blaschke AJ, Staley K, Chun | Widespread programmed cell
death in proliferative and postmitotic regions of the fetal
cerebral cortex. Development 1996, 122:1165-1174.

Yung YC, Kennedy G, Chun J: Identification of neural pro-
grammed cell death through the detection of DNA fragmen-
tation in situ and by PCR. Curr Protoc Neurosci 2009, Chapter
3(Unit 3.8):.

Chun J, Blaschke AJ: Identification of neural programmed cell
death through the detection of DNA fragmentation in situ
and by PCR. Curr Protoc Neurosci 2001, Chapter 3(Unit 3.8):.
Staley K, Blaschke A, Chun |: Apoptotic DNA fragmentation is
detected by a semi-quantitative ligation-mediated PCR of
blunt DNA ends. Cell Death Differ 1997, 4:66-75.

Blaschke AJ, Weiner JA, Chun J: Programmed cell death is a uni-
versal feature of embryonic and postnatal neuroproliferative
regions throughout the central nervous system. | Comp Neurol
1998, 396:39-50.

Wilkie AL, Jordan SA, Sharpe JA, Price DJ, Jackson |: Widespread
tangential dispersion and extensive cell death during early
neurogenesis in the mouse neocortex. Dev Biol 2004,
267:109-118.

Kuida K, Zheng TS, Na §, Kuan C, Yang D, Karasuyama H, Rakic P,
Flavell RA: Decreased apoptosis in the brain and premature
lethality in CPP32-deficient mice. Nature 1996, 384:368-372.
Kuida K, Haydar TF, Kuan CY, Gu Y, Taya C, Karasuyama H, Su MS,
Rakic P, Flavell RA: Reduced apoptosis and cytochrome c-medi-
ated caspase activation in mice lacking caspase 9. Cell 1998,
94:325-337.

Yoshida H, Kong YY, Yoshida R, Elia A}, Hakem A, Hakem R, Pennin-
ger JM, Mak TW: Apafl is required for mitochondrial pathways
of apoptosis and brain development. Cell 1998, 94:739-750.
Lindsten T, Golden JA, Zong WX, Minarcik J, Harris MH, Thompson
CB: The proapoptotic activities of Bax and Bak limit the size
of the neural stem cell pool. | Neurosci 2003, 23:11112-11119.
Groszer M, Erickson R, Scripture-Adams DD, Lesche R, Trumpp A,
Zack JA, Kornblum HlI, Liu X, Wu H: Negative regulation of neu-
ral stem/progenitor cell proliferation by the Pten tumor sup-
pressor gene in vivo. Science 2001, 294:2186-2189.

Depaepe V, Suarez-Gonzalez N, Dufour A, Passante L, Gorski JA,
Jones KR, Ledent C, Vanderhaeghen P: Ephrin signalling controls
brain size by regulating apoptosis of neural progenitors.
Nature 2005, 435:1244-1250.

Motoyama N, Wang F, Roth KA, Sawa H, Nakayama K, Negishi |,
Senju S, Zhang Q, Fujii S, et al.: Massive cell death of immature
hematopoietic cells and neurons in Bcl-x-deficient mice. Sci-
ence 1995, 267:1506-1510.

Jiang Y, de Bruin A, Caldas H, Fangusaro J, Hayes J, Conway EM, Rob-
inson ML, Altura RA: Essential role for survivin in early brain
development. | Neurosci 2005, 25:6962-6970.

Arbour N, Vanderluit JL, Le Grand JN, Jahani-Asl A, Ruzhynsky VA,
Cheung EC, Kelly MA, MacKenzie AE, Park DS, Opferman T, Slack
RS: Mcl-1 is a key regulator of apoptosis during CNS develop-
ment and after DNA damage. | Neurosci 2008, 28:6068-6078.
Thomaidou D, Mione MC, Cavanagh JF, Parnavelas JG: Apoptosis
and its relation to the cell cycle in the developing cerebral
cortex. | Neurosci 1997, 17:1075-1085.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

http://www.neuraldevelopment.com/content/4/1/28

Saltelli A, Tarantola S, Campolongo F, Ratto M: Sensitivity Analysis in
Practice: a Guide to Assessing Scientific Models Hoboken, NJ: Wiley;
2004.

Miyama S, Takahashi T, Nowakowski RS, Caviness VS Jr: A gradient
in the duration of the G| phase in the murine neocortical
proliferative epithelium. Cereb Cortex 1997, 7:678-689.

de la Rosa EJ, de Pablo F: Cell death in early neural develop-
ment: beyond the neurotrophic theory. Trends Neurosci 2000,
23:454-458.

Lossi L, Merighi A: In vivo cellular and molecular mechanisms
of neuronal apoptosis in the mammalian CNS. Prog Neurobiol
2003, 69:287-312.

Gilmore EC, Nowakowski RS, Caviness VS Jr, Herrup K: Cell birth,
cell death, cell diversity and DNA breaks: how do they all fit
together? Trends Neurosci 2000, 23:100-105.

Chun J: Cell death, DNA breaks and possible rearrange-
ments: an alternative view. Trends Neurosci 2000, 23:407-409.
Pompeiano M, Blaschke AJ, Flavell RA, Srinivasan A, Chun J:
Decreased apoptosis in proliferative and postmitotic regions
of the Caspase 3-deficient embryonic central nervous sys-
tem. | Comp Neurol 2000, 423:1-12.

Pompeiano M, Hvala M, Chun J: Onset of apoptotic DNA frag-
mentation can precede cell elimination by days in the small
intestinal villus. Cell Death Differ 1998, 5:702-709.

Gobhlke JM, Griffith WC, Bartell SM, Lewandowski TA, Faustman EM:
A computational model for neocortical neuronogenesis pre-
dicts ethanol-induced neocortical neuron number deficits.
Dev Neurosci 2002, 24:467-477.

Gohlke JM, Griffith WC, Faustman EM: Computational models of
neocortical neuronogenesis and programmed cell death in
the developing mouse, monkey, and human. Cereb Cortex
2007, 17:2433-2442.

Haydar TF, Kuan CY, Flavell RA, Rakic P: The role of cell death in
regulating the size and shape of the mammalian forebrain.
Cereb Cortex 1999, 9:621-626.

Mantel C, Guo Y, Lee MR, Kim MK, Han MK, Shibayama H, Fukuda S,
Yoder MC, Pelus LM, Kim KS, Broxmeyer HE: Checkpoint-apop-
tosis uncoupling in human and mouse embryonic stem cells:
a source of karyotpic instability. Blood 2007, 109:4518-4527.
Damelin M, Sun YE, Sodja VB, Bestor TH: Decatenation check-
point deficiency in stem and progenitor cells. Cancer Cell 2005,
8:479-484.

Shen Q, Goderie SK, Jin L, Karanth N, Sun Y, Abramova N, Vincent
P, Pumiglia K, Temple S: Endothelial cells stimulate self-renewal
and expand neurogenesis of neural stem cells. Science 2004,
304:1338-1340.

Jiao JW, Feldheim DA, Chen DF: Ephrins as negative regulators
of adult neurogenesis in diverse regions of the central nerv-
ous system. Proc Natl Acad Sci USA 2008, 105:8778-8783.

Rehen SK, McConnell M, Kaushal D, Kingsbury MA, Yang AH, Chun
J: Chromosomal variation in neurons of the developing and
adult mammalian nervous system. Proc Natl Acad Sci USA 2001,
98:13361-13366.

Muotri AR, Chu VT, Marchetto MC, Deng W, Moran JV, Gage FH:
Somatic mosaicism in neuronal precursor cells mediated by
L1 retrotransposition. Nature 2005, 435:903-910.

Cobos |, Calcagnotto ME, Vilaythong AJ, Thwin MT, Noebels JL, Bara-
ban SC, Rubenstein JL: Mice lacking DIx| show subtype-specific
loss of interneurons, reduced inhibition and epilepsy. Nat
Neurosci 2005, 8:1059-1068.

Sarkisian MR, Frenkel M, Li W, Oborski JA, LoTurco J): Altered
interneuron development in the cerebral cortex of the flat-
head mutant. Cereb Cortex 2001, 11:734-743.

Verney C, Takahashi T, Bhide PG, Nowakowski RS, Caviness VS Jr:
Independent controls for neocortical neuron production and
histogenetic cell death. Dev Neurosci 2000, 22:125-138.

Page 12 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10818151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10818151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10818151
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10417880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10417880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10417880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15246691
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10857187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10857187
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12205666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12205666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12205666
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8620843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19575470
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18428472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18428472
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16465212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16465212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16465212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9623886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9623886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9623886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14975720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14975720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14975720
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8934524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8934524
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9708735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9708735
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9753321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9753321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14657169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14657169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11691952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15902206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15902206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7878471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7878471
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16049172
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16049172
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18550749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18550749
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8994062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8994062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8994062
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9373022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9373022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9373022
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11006461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11006461
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12787572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12787572
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10675909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10675909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10675909
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10941186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10941186
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10861532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10861532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10861532
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10200526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10200526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10200526
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12697984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12697984
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17204816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17204816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17204816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10498280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17289813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17289813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17289813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16338661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16338661
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15060285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15060285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18562299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18562299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18562299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11698687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11698687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15959507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15959507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15959507
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16007083
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11459763
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10657705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10657705
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10657705

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Simple models of NPC fate decisions require intermediate levels of cell death
	Sensitivity analysis of model DG1
	Intermediate progenitor cells alter the plausibility window

	Discussion
	Comparison with contemporary models
	TUNEL underestimates NPC death
	Consideration of the caspase 3-deficient phenotype
	Predictions derived from observing the plausibility window

	Conclusion
	Materials and methods
	Abbreviations
	Additional material
	Acknowledgements
	References

