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Abstract

We are quantitatively evaluating the acquisition of neocortical neurons through key stages of development including neurogenesis,

migration, and synaptogenesis. Here we expand upon a previous computational model describing neocortical neurogenesis in the rat and

mouse [Dev. Neurosci. 24 (2002) 467], to include the period of synaptogenesis (P0–P14) when programmed cell death (PCD) is known to

play a major role in shaping the neocortex. We also quantitatively evaluate differing hypotheses on the role of cell death during neurogenesis.

This new model construct allows prediction of acquisition of adult neuronal number in the rat and mouse neocortex from the beginning of

neurogenesis through synaptogenesis. The mathematical model output is validated by independently derived stereologically determined

neuron number estimates in the adult rat and mouse. Simulations suggest cell death during synaptogenesis reduces the neocortical neuronal

population by 20–30%, while cell death of progenitor cells and newly formed neurons during neurogenesis may reduce output by as much as

24%. However, higher death rates during neurogenesis as suggested by some research would deplete the progenitor population, not allowing

for the vast expansion that is the hallmark of the mammalian neocortex. Furthermore, our simulations suggest the clearance time of dying

neurons labeled by TUNEL or pyknosis is relatively short, between 1 and 4 h, corroborating experimental research. This novel mathematical

model for adult neocortical neuronal acquisition allows for in silico analysis of normal and perturbed states of neocortical development as

well as interspecies and evolutionary analyses of neocortical development.

D 2004 Published by Elsevier B.V.
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1. Introduction ship between the components of sensory and motor patterns,
The neocortex is thought to be the primary region for

human thought, language, and behavior, and is the dominant

structure of the mammalian brain [46]. During mammalian

evolution, the neocortex has become an increasingly com-

plex brain structure composed of at least six layers with 10

to 20 functional subdivisions, acting as representation maps

of motor and sensory information. The basic function of the

neocortex is the analysis and representation of the relation-
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which in turn support functions such as perception, motor

programming, memory, language processing, and reasoning

[30]. The latter functions in particular have become increas-

ingly refined during primate evolution and are thought to be

the hallmark of human intelligence. Understanding the

cellular mechanisms of neocortical development is neces-

sary in order for us to understand the evolution of the

structure and how perturbations during development may

cause long-term neocortical related deficits.

A systems level approach, incorporating molecular, cel-

lular, organ, and behavioral analyses, in neurodevelopmen-

tal research will greatly enhance our understanding of

mechanisms of normal neurodevelopmental processes and

perturbations that may lead to neurodevelopmental disorders

[39]. Under this premise, we have built a general mathe-
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matical model at the cellular level for normal neocortical

development that simulates acquisition of adult neuronal

cell number through neurogenesis [29]. To strengthen our

current computational model for neocortical development,

we extend the model to include programmed cell death

during the period of neocortical synaptogenesis, postnatal

day 0 to postnatal day 14 (P0–P14) in the rodent (roughly

the 3rd trimester equivalent in humans).

Programmed cell death (PCD), or apoptosis, is an inte-

gral part of the development of the central nervous system

and it has been estimated up to half of the original cell

population is eliminated as a result of apoptosis [45,53,56].

Apoptosis of young neurons is thought to optimize synaptic

connections by removing unnecessary neurons, often re-

ferred to as the nerve growth factor theory [26]. This theory

postulates during the critical synaptogenesis period, compe-

tition of neurons for their targets determines the amount of

neurotrophic factors received by the developing neurons.

The messengers in this system are neurotrophic factors

released from the postsynaptic target that regulate the

release of cytochrome c and caspase activation [53]. The

programmed cell death period has been characterized in the

rat, cat, mouse, and hamster neocortex [56]. This process

has also been reproduced in numerous primary in vitro

culture systems through growth factor deprivation in young

neurons [17,18].

Recent research has implicated cell death may play a

larger role in the earlier proliferative stages of neurodevel-

opment than previously thought [15,40,45]. For example,

mice deficient in key apoptotic regulators, Caspase 3 and

Caspase 9, show severe overgrowth of the ventricular region

by E10.5, suggesting cell death plays a major role even

before neurogenesis in the mouse [41,42]. Furthermore, (all

throughout the file) Blaschke et al. [3], using a novel

protocol for an in situ end labeling technique (ISEL+) to

detect dying cells, found that on average 50% of the

proliferating cells during neurogenesis (E12–E18) are dying

at any one time. Using Casp3� /� mice, only 18% of the

ISEL+ staining was explained through the Caspase 3

pathway [58]. Although this research suggests cell death

may play an important role well before the classical syn-

aptogenesis period from which the neurotrophic theory

evolved, others have shown cell death plays a relatively

minor role during neurogenesis [7,33,75]. There is a critical

need for quantitative analyses estimating how much early

cell death affects final neocortical neuronal numbers [15].

Here we quantitatively analyze this data through simulations

with varying cell death rates in our neurogenesis model.
2. Materials and methods

As in our neocortical neurogenesis model, our extended

mathematical model of neocortical synaptogenesis was

developed using a generalized, stochastic model framework

for developmental processes in which a cellular population
of relatively immature, undifferentiated cells going through

periods of proliferation, differentiation, and apoptosis to

form the final cell population, tissue, or organ of interest

[44]. Here we develop several new applications of our

generalized model. We have developed a murine neocortical

synaptogenesis model and a rat neocortical synaptogenesis

model that have been linked to our previously developed

neurogenesis models. Therefore, the founder cell population

of neurons in the neocortex is tracked through neurogenesis

and synaptogenesis simulating the acquisition of final adult

neocortical neuronal cell number.

Our extended model framework including programmed

cell death (PCD) during the synaptogenesis period is illus-

trated in Fig. 1. The model construct has been described in

detail previously [29]. The key model parameters include

cell cycle rates (k), differentiation rates (m), and cell death

rates (l) within a critical time period specific to the cell

population, organ, or tissue of interest. Time-dependent

normal mouse and rat neocortical neuronal death rates

derived from analyses looking at neuronal cell death in

various regions of the developing neocortex during synapto-

genesis and neurogenesis in the mouse and rat are used as

model inputs [26,66,75,76]. To evaluate the robustness of

our model, we compare our model results with independent

stereological estimates of adult neocortical cell number in

the rat and mouse [5,8,21,50,51,68].

For three key parameters in our model construction,

experimental studies suggest differing values. We have

performed sensitivity analyses on variability of these key

parameters, including the growth fraction (GF) during

neurogenesis, the founder cell population at the start of

neurogenesis (X0), and the clearance time of neurons un-

dergoing cell death during neurogenesis and synaptogenesis.

These simulations quantitatively show the differences in

neuronal output predicted by our model based on experi-

mentally derived differences in parameter estimations.

2.1. Model of neocortical neurogenesis

Our model for the process of neocortical neurogenesis has

been previously described [29]. Briefly, experimental data

describing normal murine and rat neocortical neurogenesis

were used to determine parameter values for our model of

murine and rat neocortical neurogenesis under normal devel-

opment [48,70,72,73]. In our model, progenitor cells making

up the pseudostratified ventricular epithelium (PVE) located

in the developing rostral neural tube are referred to as ‘‘X

cells’’, and postmitotic young neurons leaving the PVE to

migrate and subsequently populate the cortical plate are

labeled ‘‘Y cells’’ (Fig. 1A,B). The X cells have a time-

dependent division and differentiation rate, while the Y cell

division rate is set to zero. The X cells divide producing a

large progenitor proliferative (P) population. The X cell

population gradually adds more cells to the Y cell population,

or Quiescent (Q) population, which are young, postmitotic

neurons beginning migration to the cortical plate (CP).



Fig. 2. Comparison of quantitative, time-dependent analyses of cell death

during the postnatal synaptogenesis period in the mouse and rat neocortex.

Verney et al. [76]: TUNEL+ in Fields 1, 3 and 40 (layers I–VI) of parietal

cortex of mouse (n = 4 per time point). Ferrer et al. [26]: Pyknotic nuclei in

neocortex defined as area between callosal and rhinal fissures (layers I–

VIb) in rat (n = 2–3 per time point). Thomaidou et al. [75]: TUNEL+ in

total developing neocortex of rat (n = 6 on P0; n = 2 on P7, P14). Error bars

represent 95% CI. Spreafico et al. [66]: TUNEL+ in somatosensory cortex

(layers II–VIa) of rat. The minimum sample size included one animal with

quantification of three, nonserial sections for each time point within the

somatosensory cortex [66].

Fig. 1. Model framework for neocortical neuronal proliferation, differen-

tiation, and cell death. (A) During neurogenesis (E11–E16 in mouse and

E13–E19 in rat) progenitor cells are generated in the pseudostratified

ventricular epithelium (PVE) through 11 cell cycles in the mouse (CC1–

CC11). During G1 newly generated cells either stay in the proliferative

population (P fraction) or become postmitotic (Q fraction) and begin

migration through the intermediate zone (IZ) to the cortical plate (CP).

Minimal cell death is thought to occur during this period. Differentiation

along with more ubiquitous apoptosis of the new neuronal population takes

place postnatally (P0–P14) in the mouse and rat neocortex. (B) Basic

model framework from Leroux [44], which is color coded to illustrate

model for neocortical neurogenesis where Type X cells represent neuronal

progenitor cells in the PVE and Type Y cells represent postmitotic neurons

leaving the PVE, emphasizing that the differentiation rate is dependent

upon the division rate. In our model, Q = Y(t)/(X(t) + Y(t)), and

P=GF(1�Q), where GF is the growth fraction or fraction of cells cycling.

(C) The central differential equation of the model relating the probability of

division (k), differentiation (m), or death (l) in the X or Y cell through time

(t). This equation is used to derive estimates of the number of X and Y cells

present at time (t) through a solution matrix (see Ref. [29]).
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2.2. Model for programmed cell death during

synaptogenesis

The period of programmed cell death for the rodent

neocortex occurs between postnatal days 1 and 14 (P1–

P14), with a peak between P4 and P7 and has been

quantified by stereological examination of stained brain

sections. Four studies have been identified that quantitative-

ly analyze the temporal profile of PCD during normal

synaptogenesis in the mouse and rat neocortex [25,66,

75,76] (Fig. 2). Verney et al. [76], using TdT mediated

dUTP nick end-labeling (TUNEL), which tags nuclear DNA

fragments, reports TUNEL+/mm2 on P0, P4, P6, P8, P10

and P14 in the parietal cortex (Fields 1, 3 and 40) of the
mouse. A TUNEL Labeling Index, or percent of total cells

labeled, is reported for P0, P4, P8, and P14. A peak in

TUNEL+ cells occurs at P4. Ferrer et al. [26] identifies

average pyknotic cells/1000 live cells (condensed chroma-

tin, nuclear fragmentation, and a pale cytoplasm) on post-

natal days 2, 5, 7, 10, 15, and 21 in the primary visual,

somatosensory and frontal cortex of the rat. A peak is

reached at P7 in this analysis. Also using TUNEL staining

to quantitate PCD over the synaptogenesis period on P1, P5,

P8 and P14 in the somatosensory cortex of the rat, Spreafico

et al. [66] shows the highest percent staining, with a peak at

P5. Data from Thomaidou et al. [75] looking at average

TUNEL staining on P0, P7, and P14 throughout the devel-

oping rat neocortex, suggests a peak at P0. Others have also

suggested an earlier peak in postnatal programmed cell

death in the rat [71]. It has been suggested that both TUNEL

labeling and identification of pyknotic nuclei may lead to

false positive results in some instances, however both

methods are considered the most appropriate for quantitat-

ing cell death in slices of tissue where intact morphological

boundaries are important [57].

Very few studies have attempted to quantitate the

clearance time, which is the amount of time between

staining of the cell destined for programmed cell death

and the actual disappearance of that cell. For our analysis,

this quantitative information is critical in defining a cell

death rate (l) for our model. Thomaidou et al. [75] has

published the only in vivo study estimating the clearance

time of TUNEL+ cells in the developing neocortex of the

rat. This study uses a double labeling procedure to elucidate
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the clearance time of TUNEL+ cells in the proliferative

population of the subventricular zone in newborn rats (P0).

The procedure labels a cohort of cells, proceeding in

synchrony through the cell cycle labeled only with BrdU,

as [3H]thymidine is sequentially injected after the initial

BrdU injection to double label other proliferating cells.

They found cells were labeled with TUNEL in G1, and it

took approximately 2.5 h for them to disappear. They

corroborated TUNEL+ staining with analysis of pyknotic

cells. The calculation of the clearance time assumes that the

length of mitosis and the length of apoptosis remain

approximately constant during the analysis.

For our model we determined a time-dependent postnatal

cell death rate based on the Thomaidou et al. [75] clearance

time of 2.5 h and the four studies described above quanti-

tatively analyzing TUNEL+ and/or pyknotic neurons

throughout synaptogenesis in the rodent. This clearance

time was also used in our neurogenesis model, the model

of Haydar et al. [34] to determine a cell death rate during

neurogenesis, and Verney et al. [76] to determine propor-

tionate cell loss in the postnatal mouse [29]. When using

this clearance time we are assuming the clearance time of

TUNEL+ neurons seen postnatally during synaptogenesis is

similar to the clearance time in proliferating cells of the

subventricular region at PND0.

We start simulation at P0 and go through P14, encom-

passing the peak synaptogenesis period in the rat and mouse

model. We assumed a constant death rate on each day of

synaptogenesis. Each day has a Y cell death rate (l2) based
on regressions of the four experimental studies analyzing %

TUNEL+ or % pyknotic (Fig. 2). The death rate (l2) is

calculated by the following equation:

l2ðtÞ ¼ ½lnð1� ð%TUNELðþÞÞ=100Þ � 24 h�=Cl:

where Cl is 2.5 h based on the experimentally determined

clearance time of TUNEL+ cells in the subventricular

region of the neocortex at PND0 [75]. Verney et al. [76]

also calculates proportionate cell loss in the developing

mouse neocortex using the clearance time of Thomaidou

et al. [75]. The X and Y cell division rates (k) and the

transformation rate (m) are set to zero in our synaptogenesis

models, as the Y cell population represents postmitotic,
Table 1

Variability analyses of key parameters in model

Parameter Definition

Growth fraction (GF) GF=P(t)/X(t)a

Clearance time (Cl) See equation for death rate (l2) in text

Founder cell population (X0) # of X cells present at beginning

of neurogenesis

a Where P(t) is the number of cells actively cycling time t.
growth factor-dependent young neurons forming synapses

in the cortical plate.

2.3. Cell death during neurogenesis

To analyze the cell death rate during neurogenesis (l1),

we change the % TUNEL+ up to 50%, reflecting the cell

death labeling using ISEL+ staining (also looking at frag-

mented DNA) of Blaschke et al. [3] (see Table 2). We also

evaluate data suggesting only 18% of this cell death can be

accounted for by the Caspase 3 pathway [58]. We simulate

several other TUNEL and pyknosis labeling analyses of cell

death during neurogenesis, as these are common procedures

used to quantitate cell death [36,37,62,75]. We use the same

equation as in the synaptogenesis model described above to

calculate the cell death rate. We also vary the clearance time

up to 48 h, reflecting the possibility of the ISEL+ labeling

procedure showing increased sensitivity, labeling cells that

are destined to die as much as 48 h in advance.

2.4. Analysis of the growth fraction (GF), founder cell

number, and clearance time

We evaluate inter experimental variability in key

model parameters (Table 1). Our analysis of the growth

fraction (GF), or percent of progenitor (X) cells actively

cycling, in the neurogenesis model involved changing the

previously used constant GF of 93% [29], to 80%, 97%,

and 100% based on several experimental measures of

this parameter [6,47–49,70]. In another simulation we

varied the GF through time according to Miyama et al.

[49] starting with a GF of 100% on E11 (E13 in rat)

and decreasing it approximately linearly through time to

83% on E16 (E19 in rat). Founder cell number (X0) was

also varied in the rat model to reflect the potential

inappropriate use of a mouse founder cell population

estimate in the rat model, as the rat embryo is overall

larger, thereby most likely having more cells at the

beginning of neurogenesis. The founder cell population

was increased by 20% (6� 105) and 40% (7� 105),

respectively, from the experimentally derived mouse

founder cell population of 5� 105 [34]. In our analysis

of the clearance time during synaptogenesis, we change

the clearance time to 1 or 4 h, based on several in vitro

analyses [2,31,35,59].
Range evaluated Species References

80–100% Mouse and rat [6,34,47–49,69,70]

1–4 h Mouse and rat [2,17,35,59,75]

5–7� 105 cells Rat [34]
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3. Results

3.1. Model for programmed cell death during

synaptogenesis

The time-dependent cell death rates calculated using the

four studies described above and illustrated in Fig. 2 were

used to extend our neurogenesis model to include PCD

during the synaptogenesis period, predicting adult neocor-

tical neuronal number and comparing these values with

independent stereologically determined neuronal counts in

the adult neocortex of the mouse and rat (Fig. 3). The use of

the Verney et al. [76] and Thomaidou et al. [75] dataset

predicts a 21% and 30% (1.6 and 1.4� 107 total neurons in

the rat) neuronal loss during the synaptogenesis period in

the rat and mouse. When using the Ferrer et al. [26] data set

our model predicts the least neuronal loss at 16% (1.7� 107

in the rat), while using the Spreafico et al. [66] dataset

predicts the greatest loss at 48% (1.0� 107 in the rat) of

neocortical neurons.

For independent comparisons, stereologically determined

data indicate total adult murine neocortical neuronal number

between 1.0 and 1.2� 107 [5,8]. Previous stereological

studies using a different approach estimating density of

neurons per 1 mm2 of cortical surface and total area agree

with the design-based stereological estimates of neuron

number [32,63,65]. For the adult rat neocortex, stereologi-

cally determined mean estimates between 1.5 and 2.1�107

neurons have been published [21,50,51,67,68].

3.2. Cell death during neurogenesis

To determine our cellular death rate (l) in our original

neurogenesis model, we applied the results of Haydar et al.

[34] in which cell death was measured using TUNEL
Fig. 3. Rat and mouse neocortical neuronal output predictions through neurogenes

the normal rat (A) and mouse (B) neuronal output (total Y cells). For compari

neocortex of the adult rat and mouse (.) etc. [5,8,21,50,51,65,68]. Four studies lo
during postnatal development in the rat and mouse were applied to the model and

data [26] (z); Verney et al. [76] (n); Thomaidou et al. [75] ( w ); and Spreafico e
staining on E15–E18 in the mouse neocortex along with

the assumption of a clearance time of 2.5 h based on

Thomaidou et al. [75], [29]. We treat the X and Y cell

death rate as identical during neurogenesis based on Tho-

maidou et al. [75], which showed that during the neuro-

genesis period in both the ventricular zone and the cortical

plate the % pyknotic and TUNEL+ cells is very low and

approximately equal [75].

We have varied our cell death rate in our neurogenesis

model to reflect the range in experimental data using

TUNEL or pyknosis, two common measures of cell death,

in the amount of cell death occurring during this critical

stage of development (Table 2). We have compared simu-

lations of neurogenesis with no cell death to simulations

with rates of cell death reflective of the data presented in

Haydar et al. [34], Thomaidou et al. [75], Reznikov and Van

der Kooy [62], and Hoshino et al. [36,37] looking at

pyknotic cells or using TUNEL staining. Simulations with

these experimental studies suggest between 1% and 24% of

progenitor cells and young postmitotic neurons may die

during the neurogenesis period. We also model the data of

Blaschke et al. [3] using the ISEL+ protocol for labeling

dying cells. In simulations run where the clearance time is

kept at 2.5 h, the model predicts the proliferative and

postmitotic population will be completely depleted by day

2 of neurogenesis if the Blaschke et al. [3] data is used.

Based on the authors’ suggestion that ISEL+ is especially

sensitive and may identify dying cells long before other

labeling techniques such as TUNEL, we increased the

clearance time up to 48 h in our simulations. With a

clearance time of 48 h, our model predicts only

0.28� 107 neurons generated during neurogenesis, approx-

imately 23% to 28% of independent stereological estimates

predicting between 1 and 1.2� 107 neurons in the adult

mouse cortex (without taking into account postnatal cell
is and synaptogenesis. This figure shows a plot of our model predictions for

son we plotted stereological estimates (F S.E.M.) of total neurons in the

oking at time-dependent cellular death (pyknosis or TUNEL+ percentages)

compared to the independent, stereologically determined neuronal number

t al. [66] (E)). The clearance time is assumed to be 2.5 h in all cases [75].



Table 2

Simulations applying different measures of cell death during neurogenesis

Reference Embryonic

day/sa
Method

used

Percent cells

labeled

Clearance

time (h)

No. of neurons

generated (in millions)

Percent neurons

generatedb

– – 0 – 21.5 100

Haydar et al. [34] E14–E17 TUNEL 0.014 2.5 21.4 99

Reznikov and Van

der Kooy [62]

E13–E14 Pyknosis 0.13 2.5 20.2 94

Hoshino et al. [36] E10, E13, E15 Pyknosis 0.4, 0.2, 0.06 2.5 19.4 90

Hoshino et al. [37] E13 Pyknosis 0.2 2.5 19.1 88

Thomaidou et al. [75] E13 TUNEL 0.5 2.5 16.4 76

Blaschke et al. [3] E12–E18 ISEL+ 50 2.5 0 0

24 0.37 2

48 2.8 13

Pompeiano et al. [58]c E12 ISEL+ 18-Casp3

dependent

2.5 0 0

24 6.7 31

48 11.8 55

a Experimental data indicating % of cells labeled during neurogenesis in the rat [62,75] or mouse [3,34,36,37,58]. When multiple days are analyzed, an

average of the % cells labeled is utilized, except for data from Hoshino and Kameyama [36] in which a time-dependent rate was used.
b The reduced output of the neurogenesis model as a percentage of the cells generated when no death during neurogenesis is assumed (first row).
c This research assessed the percent of cells labeled with ISEL+ in the wild type mouse versus the percent ISEL+ labeled cells in the Casp3� /� mouse.
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death during synaptogenesis). These simulations suggest

cell death may not be as common during neurogenesis as

the Blaschke et al. [3] data proposes. We also modeled data

from studies in Casp3� /� mice suggesting the Caspase 3

accounts for only 18% of the ISEL+ staining in the normal

mouse [58]. Simulations based on Caspase 3-dependent

ISEL+ labeling again predict a total depletion of cells when

a clearance time of 2.5 h is used. When a clearance time of

48 h is used 1.18� 107 neurons are generated. However,

this number would be expected to decrease by 20% during

the synaptogenesis period, again under predicting the

amount of neurons in the adult mouse neocortex.
Fig. 4. Analysis of experimental variation for the growth fraction (GF) parameter

various growth fraction (GF) estimates: 80% in mouse [6] and rat [48], 93% in m

actively cycling or a time-dependent GF with 100% at beginning of neurogenesis a

growth fraction (GF) parameter in rat model using the Thomaidou et al. [75] datase

parameter in mouse model using the Verney et al. [76] dataset for synaptogenes

plotted for comparison (.) (see Fig. 3 caption for references).
3.3. Analysis of the growth fraction, founder cell number,

and clearance time

The growth fraction (GF), or percentage of progenitor

cells actively cycling, is an important experimental param-

eter in our neurogenesis model [29]. Here we perform an

analysis based on inter-study variation in GF estimations to

establish the importance of this parameter on the final output

of neuronal number (Fig. 4A,B). Experimental estimates of

this parameter in the proliferative zone (ventricular zone or

pseudostratified ventricular epithelium) during neocortical

neurogenesis (E11–E16 in mouse and E13–E19 in the rat)
in our neocortical neurogenesis model. Analyses was performed to examine

ouse [34] and rat [47], 97% in mouse[69] or 100% in mouse [70] of cells

nd falling to 80% at end of neurogenesis in mouse [49]. (A) Analysis of the

t for synaptogenesis model for rat (B). Analysis of the growth fraction (GF)

is model. Stereological estimates (F S.E.M.) of total neuronal number are
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range from 80% to 100% [6,47–49,70]. Furthermore, time-

dependent data from Miyama et al. [49] suggests the GF

decreases from 100% on E11 to 83% on E15 in the mouse.

Here we compare four fixed estimates of GF including

100%, 97%, 93%, and 80% throughout neurogenesis. We

also simulate GF as a time-dependent parameter as the data

of Miyama et al. [49] suggests.

Varying the growth fraction between 80% and 100% in

our model significantly alters our predictions of final neu-

ronal number. The final neuronal output is reduced by 45%

when GF is reduced from our original estimation of 93% to

80%. Increasing the GF to 100% increases the final output

by 42%. When a time-dependent GF is used to reflect the

findings of Miyama et al. [49], the final neuronal output is

increased by 12% over our original estimations using a

constant GF of 93%.

In the current rat model we are using the experimentally

derived mouse founder cell population (X0) from Haydar et

al. [34]. However, based on overall differences in body size,

this may not be optimal. We performed a sensitivity analysis

of this parameter in which the founder cell population (X0) is

increased in the rat model by 20% and 40%, respectively.

This analysis gives a large increase in the final output (Fig.

5). The final neuronal number prediction is 1.6� 107 and

1.9� 107, respectively, compared with 1.3� 107 when the

original mouse founder cell population is used in the rat

model. As is apparent in Figs. 4 and 5, increasing the

amount of young neurons produced in our rat neurogenesis

model, either by increasing the GF or by increasing the

founder cell population, produces simulations that more

closely predict the independent stereological data.
Fig. 5. Analysis of the founder cell population estimate in the rat neurogenesis mo

(to 7� 105) from the experimental estimate in the mouse of 5� 105 [34], to refle
Our analysis on the clearance time used to determine the

death rate (l2) in our synaptogenesis model was based on

comparisons of various in vivo and in vitro estimates. In

vitro studies of apoptosis can inform our analysis as they

allow us to investigate specific mechanistic hypotheses.

Normal apoptosis during synaptogenesis is thought to occur

because neurons are not receiving enough growth factor due

to insufficient connections. In a recent review of in vitro

systems, Deshmukh and Johnson [18] show Fas-mediated

PCD can be as fast as 4–6 h, but trophic factor deprivation

induced PCD lasts between 24 and 48 h [19]. For cultures of

NGF-dependent neonatal rat sympathetic neurons deprived

of NGF, no morphological changes occurred during the first

12 h [17]. When comparing graphs of the time course of

DNA fragmentation versus loss of viability in this culture

system, an average clearance time of approximately 4 h is

evident [17].

Alternatively, in the glial-derived oligodendrocytes of the

developing rat optic nerve, a clearance time estimation of 1

h was made based on number of total cells, % pyknotic cells

at any one time and the % cells undergoing DNA synthesis

[2,59]. A similar clearance time has been estimated through

direct observation of the normal development of C. elegans

[22]. A clearance time estimate of only 45 min for pyknotic

cells in the developing rat retina was made by comparing the

proportion of pyknotic cells and change in total cell numbers

through time [78]. Using a similar methodology, clearance

time was approximated at 3 h in developing retinal ganglion

cells after tectal lesions [31]. Alternatively, injection of

kainic acid into the eye producing cell death similar to

trophic factor deprivation, indicated a clearance time of
del. The founder cell number (x0) was increased by 20 (to 6� 105) and 40%

ct the larger size of the rat brain at the beginning of neurogenesis.
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approximately 4 h [35]. Other estimates of clearance time for

dying neurons include 1.4 h for fetal mouse motor neurons

and 3.2 h for dying neurons in the tadpole ventral horn [31].

These in vivo and in vitro analyses of various cell types

are consistent with Thomaidou et al.’s [75] in vivo study of

TUNEL+ cells disappearing after approximately 2.5 h,

however it is important to quantitate the change in our

model predictions based on the variability of estimates for

the clearance time. Therefore, we ran simulations in our rat

and mouse models in which the clearance time was varied

between 1 and 4 h, encompassing the highest and lowest

estimates from the experimental studies examined above.

In the rat analysis we chose the Thomaidou et al. [75]

dataset for % of cells dying at each time point for our

baseline model, as this dataset was the most complete

dataset analyzing neuronal death in the whole neocortex

through the synaptogenesis period (see Figs. 2 and 3A). Our

analysis shows considerable changes to the output predic-

tions based on this changing clearance time (Fig. 6A). When

the clearance time is set to 1 h approximately 36% more

cells are predicted to die in the mouse compared with the

clearance time set at 2.5 h. Therefore, the total reduction of

neurons due to PCD during synaptogenesis is predicted at

55% when the clearance time is 1 h versus only 32% when

the clearance time is 2.5 h. However, when the clearance

time is 4 h only 19% of the neurons are predicted to die over

the synaptogenesis period in the rat.

For our mouse baseline model we chose the Verney et al.

[76] dataset for the % cells dying, as this was one of the

most thorough studies looking at neuronal death through the

synaptogenesis period in the mouse parietal cortex (see Figs.

2 and 3B). When the clearance time is set to 1 h approxi-

mately 29% more cells are predicted to die in the mouse

compared with the clearance time set at 2.5 h (Fig. 6B). The
Fig. 6. Analysis of the impact of inter-experimental variability in clearance time

model. We varied estimations of death rates during the postnatal differentiation pe

the Thomaidou et al. [75] dataset for the rat model (A) and using the Verney et al.

2.5 h [75], and 4 h [17,35]. Stereological estimates (F S.E.M.) of total neuronal
total reduction of neurons due to PCD during synapto-

genesis is predicted at 44% (1.2� 107 neurons) versus only

21% (1.7� 107 neurons) when the clearance time is 2.5 h.

However, when the clearance time is 4 h only 13%

(1.9� 107 neurons) of the neurons are predicted to die over

the synaptogenesis period in the mouse.
4. Discussion

We have developed a computational model for rat and

mouse neocortical development that includes neurogenesis

and programmed cell death during synaptogenesis. To

validate our models we compare our results to independent-

ly derived stereologically determined cell number data in the

mouse and rat neocortex.

Our synaptogenesis model is robust when compared with

independent estimates of percentages of neurons lost during

this period. Independent data on neuronal number reduction

in the neocortex due to PCD during synaptogenesis falls

between 25% and 35% [4,26,75,76], although some have

suggested as much as 50% neuronal loss in some regions

[12]. Based on direct cell counts through the synaptogenesis

period, Heumann and Leuba [79] suggest a 32% neuronal

loss between P5 and P20 in the mouse cerebral cortex.

Miller [80] analyzed the survival of [3H]thymidine labeled

cohorts through development into adulthood (injected on

G15–G18 and analyzed on P60) and suggested a 20%

neuronal loss in the mature rat somatosensory cortex. In

the cat, direct cell counts suggest a cumulative neocortical

neuronal loss of approximately 20% between birth and 6

months of age [24]. Verney et al. [76] estimated a 20%

reduction in Field 1 of the parietal cortex based on the

Thomaidou et al. [75] clearance time of 2.5 h. Our simu-
estimates for TUNEL+ and pyknotic nuclei in neocortical synaptogenesis

riod based on differing estimations of clearance times in the rat model using

[76] dataset for the mouse model (B). Clearance times shown are 1 h [2,59],

number are plotted for comparison (.) (see Fig. 3 caption for references).
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lations using the Verney et al. [76] time-dependent TUNEL

staining data suggest a similar neuronal loss (21%) over the

synaptogenesis period in the neocortex of the mouse. Nunez

et al. [81] estimated total neuronal loss in the visual cortex at

33% in male rats and 46% in female rats based on time-

dependent percentages of pyknotic cells visible between P2

and P35 and fitting to stereological data estimating the adult

sex differences in neuron number.

Analysis of inter-study variation for the growth fraction

parameter in the neurogenesis model indicates predictions

based on less than 100% of the progenitor population

actively cycling are more robust when compared with

stereological data in the adult mouse. This hypothesis is

supported by numerous experimental data suggesting a GF

between 80% and 93% during neurogenesis [6,34,47–

49,69]. However, our mouse neurogenesis model, based

on the experimental data of Takahashi et al. [70–72],

predicts generation of more neurons than our rat model,

which is based on the work of Miller and Kuhn [48]. There

are some key differences in these data sets that may explain

this discrepancy. Takahashi et al. [70,71] determines the cell

cycle length on each day of the 6-day neurogenesis period in

the mouse (E11–E16), while Miller and Kuhn [48] look at

every other day in the rat (E13, E15, E17, E19). Also, unlike

the P fraction in Takahashi et al. [72], which is explicitly

derived from the PVE proliferative population, the GF

determined by Miller and Kuhn [48] includes the subven-

tricular region (SVZ) as well as the ventricular (VZ)

proliferative populations. At late time points (E17 to E19),

the discrepancy between the GF and P fractions may cause

an overall increase in output in the rat model, as is suggested

by the work of Takahashi et al. [70,71] in the mouse [71].

However, a recent report using retroviral labeling in con-

junction with time-lapse microscopy of organotypic slice

cultures, suggests cortical neurons do arise from the SVZ

proliferative population between E17 and E19 in the rat

[54], suggesting inclusion of this population in our rat

model is justified. Furthermore, in both models, we use

the starting cell number (X0) estimated from a stereological

study in the mouse at E11 [33]. There may be important

species differences in the pre-neurogenetic period when

progenitor cell number is thought to increase exponentially

[33]. Since the brain of the rat is significantly larger than the

mouse brain at the beginning of neurogenesis, the founder

cell population in the rat is most likely larger. A sensitivity

analysis of this parameter in which the founder cell popu-

lation (X0) is increased in the rat model by 20% and 40%,

increased the final neuronal output by 23% and 46%,

respectively. Therefore, increasing the founder cell popula-

tion produces better predictions when compared to the

independent stereological data in the rat model. This sensi-

tivity analysis of the founder cell population is also relevant

to the Caspase 3 and 9 knockout mice showing an increased

progenitor population at the beginning of neurogenesis,

possibly due to decreased apoptosis prior to neurogenesis

[41,42].
In our rat model, sensitivity analysis of the clearance time

of neurons undergoing PCD during synaptogenesis suggest

a longer clearance time matches more closely with stereo-

logical data in the adult. With a clearance time of 4 h, 19%

of the neurons are predicted to die over the synaptogenesis

period, agreeing well with the direct cell count studies

described above. In our mouse model, a shorter clearance

time appears more robust when compared with adult ste-

reological data. A well-designed in vivo study comparing

pyknotic cells against reduction in cell number through time

in the developing rat retina estimates a clearance time of

only 45 min [78]. However, when the clearance time is set

to 1 h in our model, total neuronal reduction after synapto-

genesis is predicted at 44%, which is somewhat higher than

direct cell count studies described above indicate. Most

estimates of clearance time of pyknotic or TUNEL+ cells

indicate that cells undergo degeneration and phagocytosis

rapidly during normal neuronal death, as both of these

markers are at the end stages of cell death [56]. However,

it would be expected that variation in clearance times may

occur at different developmental stages and following dif-

fering experimental manipulations (e.g. ethanol induced

apoptosis). For example, massive cell death caused by

exposure to a toxicant may overwhelm the macrophage

clearance system, therefore temporarily lengthening the

clearance time [35]. Also, species related differences in

clearance times may be an important source of variation.

Knockout mice of key apoptotic regulators including

Caspase 3 and Caspase 9 have shown apoptosis may play

a significant role in establishing the founder cell population

before neurogenesis, as these mutations cause severe over-

growth of the ventricular region by E10.5 [41,42]. However,

the neurodevelopmental abnormalities associated with dele-

tion of Caspase 3 have been shown to be strain-dependent

[43]. When Caspase 3� /� mice were analyzed using

ISEL+ on E12, 20% of cells were still labeled by ISEL+

relative to 50% in the controls suggesting either the Caspase

3 pathway is not the only pathway of cell death during

neurogenesis or that the ISEL+ method is falsely labeling

viable cells [58]. In fact, in a study of DNA damage induced

cell death in neural precursor cells, cell death was not

Caspase 3-dependent [20]. Therefore, apoptosis of progen-

itor cells before and during neurogenesis and apoptosis of

postmitotic neurons during synaptogenesis may utilize dif-

ferent cell death pathways and serve distinct roles during

neurodevelopment [33,40].

Our simulations suggest cell death may not play as large

of a role during neurogenesis as the Blaschke et al. [3] data

suggests, even when only Caspase 3-dependent ISEL+

labeling is modeled, as no neurons are generated when a

clearance time of 2.5 h is used. However, there is the

possibility that the clearance time of ISEL+ cells is longer

because it is a more sensitive detection method. Our

simulations suggest even with a clearance time of 48 h,

which is the longest the complete cell death process has

been estimated [17], the Blaschke based cell death rates still



J.M. Gohlke et al. / Developmental Brain Research 151 (2004) 43–5452
vastly underestimate the amount of neurons produced. It has

been suggested the ISEL+ method may be too sensitive,

detecting cells with only transient DNA breaks [40]. Reports

have suggested non-homologous recombination may be an

important process during neurodevelopment as well as

immunology in giving cells distinct identities [11,27,

28,61]. This hypothesis is partly based on mice deficient

in DNA ligase showing early neural cell death [64]. If

transient DNA breaks are a common phenomenon in devel-

oping neurons, this may account for the results of Blaschke

et al. [3]. Recently, Dscam, a gene required for correct

axonal guidance in Drosophila neurons, has been shown to

have over 38,000 variant splice forms, which are differen-

tially expressed in neighboring neurons, leading to a distinct

signatures of individual cells [52].

The Thomaidou et al. [75], Reznikov and Van der Kooy

[62] and Hoshino et al. [36,37] datasets suggest a higher cell

death rate during neurogenesis than the previously used

Haydar et al. [34] dataset. Simulations with these experi-

mental studies are compatible with the independent stereo-

logically determined neuronal number data, suggesting

between 6% and 24% cell loss during the neurogenesis

period. In fact, if 16 million neurons are generated during

neurogenesis as our model suggests using the Thomaidou

dataset (Table 1) and approximately 20% are lost during

synaptogenesis (Fig. 3), the final neuronal number would be

consistent with the independent data at 13 million neurons

in the adult mouse neocortex [5,8]. Elegant research mod-

eling retrovirally marked lineages suggest less than 1% of

neuronal progenitor cells per cell cycle are lost during the

neurogenesis period in the mouse [7]. Based on the 11 cell

cycle neuronogenetic interval, this study agrees well with

model predictions suggesting less than 10% total cell loss

during neurogenesis (see Table 1). Studies in developing

human brains show between 0.2% and 0.6% of cells labeled

TUNEL+ during early and mid gestation [1,60], suggesting

low cell death rates during human neocortical development

consistent with the rodent studies showing similar percent

labels between 0.1% and 0.4% [36,37,62,75] (Table 1).

Our current model of neocortical neuronal acquisition

through the developmental processes of neurogenesis and

synaptogenesis highlights the significance of these process-

es in shaping the adult neocortex. The power of computa-

tional models to integrate experimental data into hypotheses

of mechanisms of developmental processes is being realized

[10,13,16,55]. While recent computational models of devel-

opment using genomic networks evaluate developmental

changes at the molecular level, these models do not explic-

itly take into account the events of proliferation or death at

the cellular level [14,74,77]. A recent report demonstrates

the benefits of taking a systems level approach by combin-

ing a cellular level model of neurogenesis with p27 knock-

out data to simulate p27 effects on the Q fraction during

neurogenesis [9].

However, there have been limited applications of com-

putational approaches for perturbations of neurodevelop-
mental processes in the context of risk evaluations [23,38].

The importance of the current model is its systematic and

thorough analysis of differing experimental research on

neocortical neuronal production and death. This endeavor

highlights the importance of mathematical modeling in

quantitatively comparing competing hypotheses of neocor-

tical neuronal acquisition. Furthermore, the computational

approach taken here sets bounds on key parameters such as

the growth fraction, clearance time, and death rates during

neurogenesis and synaptogenesis in the developing rodent

neocortex. Through developing both a mouse and rat model,

key interspecies differences in parameters can be evaluated.

Most importantly, modeling biological processes using

experimental data is a hypothesis generating exercise iden-

tifying important and specific experimental research needs

to evaluate the key assumptions of our theories.
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