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Cell proliferation during nervous system development is poorly understood outside the mouse neocortex. We measured cell cycle
dynamics in the embryonic mouse sympathetic stellate ganglion, where neuroblasts continue to proliferate following neuronal differen-
tiation. At embryonic day (E) 9.5, when neural crest-derived cells were migrating and coalescing into the ganglion primordium, all cells
were cycling, cell cycle length was only 10.6 h, and S-phase comprised over 65% of the cell cycle; these values are similar to those previously
reported for embryonic stem cells. At E10.5, Sox10 " cells lengthened their cell cycle to 38 h and reduced the length of S-phase. As cells
started to express the neuronal markers Tujl and tyrosine hydroxylase (TH) at E10.5, they exited the cell cycle. At E11.5, when >80% of
cells in the ganglion were Tujl */TH * neuroblasts, all cells were again cycling. Neuroblast cell cycle length did not change significantly
after E11.5, and 98% of Sox10 ~/TH " cells had exited the cell cycle by E18.5. The cell cycle length of Sox10 */TH ~ cells increased during
late embryonic development, and ~25% were still cycling at E18.5. Loss of Ret increased neuroblast cell cycle length at E16.5 and
decreased the number of neuroblasts at E18.5. A mathematical model generated from our data successfully predicted the relative change
in proportions of neuroblasts and non-neuroblasts in wild-type mice. Our results show that, like other neurons, sympathetic neuron
differentiation is associated with exit from the cell cycle; sympathetic neurons are unusual in that they then re-enter the cell cycle before

later permanently exiting.

Introduction
In the developing nervous system, the dynamics of cell prolifer-
ation have only been studied in detail in the mouse cerebral cor-
tex (Takahashi et al., 1997; Caviness et al., 2003; Mitsuhashi and
Takahashi, 2009). In the cortex, neural stem cells divide up to 11
times and generate waves of neurons and later, glial cells, that
form the cortical layers (Takahashi et al., 1999). Stem cell cycle
length increases with developmental age, as Gl lengthens
(Takahashi et al., 1995). Neural stem cells progressively exit the
cell cycle (Mitsuhashi and Takahashi, 2009), which is thought to
be the trigger for differentiation (Cremisi et al., 2003).
Proliferation in other parts of the developing nervous system
is likely to differ from this pattern. In sympathetic ganglia, a well
studied system for understanding neuronal development
(Glebova and Ginty, 2005; Howard, 2005; Kulesa et al., 2009;
Rohrer, 2011), neuroblasts differentiate from neural crest (NC)-
derived progenitor cells and continue to divide while expressing a
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variety of neuronal markers (Rothman et al., 1978; 1980; Rohrer
and Thoenen, 1987; Hendershot et al., 2008; Reiff et al., 2011). In
sympathetic ganglia of embryonic mice, division of existing neu-
roblasts rather than division of NC-derived progenitor cells
drives the increase in the numbers of neurons (Callahan et al.,,
2008; Tsarovina et al., 2008).

Understanding the normal developmental progress and regu-
lation of sympathetic ganglion proliferation is important because
sympathetic ganglia give rise to the embryonic cancer, neuroblas-
toma, where the control of proliferation is lost (Maris et al., 2007;
Janoueix-Lerosey et al., 2010; Jiang et al., 2011). For instance,
familial forms of neuroblastoma are associated with mutations in
genes that regulate sympathetic ganglion proliferation, such as
Phox2b and the anaplastic lymphoma kinase receptor (Reiff et al.,
2011).

A number of molecules, including Ret (Enomoto et al., 2001),
glial cell line-derived neurotrophic factor (GDNF), and artemin
(Nishino et al., 1999); Hand2 (Hendershot et al., 2008); frizzled-3
and f3 catenin (Armstrong et al., 2011); and Sox10 (Nagashimada et
al,, 2012) and Sox11 (Potzner et al., 2010) are thought to regulate
proliferation in developing sympathetic ganglia. However, withouta
detailed understanding of how cell cycle dynamics, including
changes in cell cycle length and cell cycle withdrawal, contribute to
normal growth, it is impossible to determine precisely how these
signaling pathways regulate the number of cells in sympathetic gan-
glia or contribute to the genesis and progress of neuroblastoma.

We measured the proportion of cells of different phenotypes
in the cell cycle and the length of cell cycle and S-phase in the
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embryonic mouse stellate ganglion. We then demonstrated the
value of the approach by examining the effect of the loss of Ret on
cell cycle dynamics, and show that the previously reported reduc-
tion in sympathetic neuron number in Ret-null mutants is due, at
least in part, to changes in the cell cycle length of neuroblasts.
Finally, we used these data to develop a mathematical model of
normal ganglionic growth that predicts differentiation rate and
starting cell number and describes the observed change in pro-
portions of each cell type over time.

Materials and Methods

Animals. All procedures were approved by the University of Melbourne
Animal Experimentation Ethics committee. Mice were time plug mated,
and the morning of the detection of the plug was deemed to be embry-
onic day (E) 0.5. Wild-type C57BL/6 mice and Ret "S™TM mice on a
C57BL/6 background (Enomoto et al., 2001) were used. Ret TOM/TGM
mice have a fusion protein consisting of the N-terminal region of bovine
tau, a full-length EGFP and three repeats of the human Myc tag inserted
into the first exon of the Ret gene by homologous recombination. Mice
heterozygous for the Ret-TGM insertion (Ret"“™™*) develop and sur-
vive normally, while homozygote animals die shortly after birth due to
kidney and enteric nervous system deficits (Enomoto et al.,, 2001).
Ret TSM/TEM animals were generated by mating Ret ™™™ males with
Ret "M’ females. Ret "™ TSM embryos were identified by observation
of the enteric nervous system in the stomach. Wild-type mice have no
GFP * neurons in the stomach, Ret "™ animals have a dense plexus of
GFP " neurons throughout the stomach, while Ret "“™/TSM embryos
have a sparse plexus of GFP * neurons in the proximal stomach only
(Stewart et al., 2007).

Bromodeoxyuridine and ethyldeoxyuridine labeling. S-phase labeling
index and total cell cycle length were measured using techniques modi-
fied from published methods (Hayes and Nowakowski, 2000;
Nowakowski et al., 2002; Tarui et al., 2005). The major changes were to
use ethyldeoxyuridine (EdU) as the second S-phase marker instead of
tritiated thymidine, to use Ki67 instead of cumulative bromodeoxyuri-
dine (BrdU) labeling to identify cycling cells and to adapt all methods to
allow multiple labeling immunofluorescences to identify specific cell
types. To enable calculation of cell cycle parameters, pregnant dams be-
tween 9.5 and 18.5 d postfertilization (wild-type mice) or E12.5, E14.5,
and E16.5 (Ret "™/TSM) were injected intraperitoneally, initially with
BrdU (Roche Diagnostics) at 100 pg/g body weight and, 2 h later, EAU
(Invitrogen) at 50 ug/g body weight. Thirty minutes after the injection of
EdU, the dams were killed by cervical dislocation and the embryos re-
moved. Embryos were fixed overnight in Zamboni’s fixative (2% form-
aldehyde and 15% saturated picric acid in 0.1 M phosphate buffer, pH
7.4) and then rinsed and stored in 20% sucrose in distilled water. Em-
bryos were then snap frozen in liquid nitrogen-cooled isopentane and
sectioned on a cryostat at 14 wm thickness.

Immunohistochemistry and imaging. Transverse sections of embryos
were cut through the stellate and most rostral trunk sympathetic ganglia.
Sections for analysis were selected by reference to the forelimbs and to the
thymus gland so that equivalent sections from different embryos were
analyzed at each age. To avoid double counting, sections were collected
serially as separate one in four series and selected for analysis so that
contiguous sections were not counted. Sections were processed in one of
two ways. In the first, sections were processed for Sox10 or tyrosine
hydroxylase (TH) or Tujl immunohistochemistry before being treated
with 2N HCI for 30 min at room temperature and then 0.1 M sodium
tetraborate. They were then processed for immunohistochemistry for
BrdU and finally reacted for EdU per the manufacturer’s instructions
(Clik-iT EdU Alexa Fluor 488 imaging kit; Life Technologies). Note that
Phox2b immunostaining did not survive the acid treatment required to
reveal BrdU immunoreactivity. In the second method, sections were
subjected to antigen retrieval (10 min at 95°C in 0.01 M citrate buffer, pH
6.0), which improved immunoreactivity for Ki67 but did not alter im-
munoreactivity to TH, Phox2b, or Sox10, before being processed for
multiple label immunofluorescence to reveal, Ki67, Sox10, and either

Gonsalvez et al. @ Proliferation in Developing Sympathetic Ganglia

TH, Tujl, Hu, or Phox2b. Bisbenzimide (1 mg/ml, Hoechst 33446) was
used as a nuclear marker on all sections.

Primary antisera to Sox10, Phox2b, BrdU, and TH and appropriate sec-
ondary antisera were sourced and used as previously described (Callahan et
al., 2008; Chubb and Anderson, 2010). Additional antibodies used were
monoclonal rabbit anti-Ki67 (Thermo Scientific; 1:100); human anti-Hu
(1:5000), a gift from Dr Vanda Lennon (Fairman et al., 1995); mouse anti-
neuron-specific class III B tubulin (Tujl; Covance Research Products
1:2000); donkey anti-human Alexa 594 (Jackson ImmunoResearch Labora-
tories, 1:500); and donkey anti-mouse Alexa 488 (Invitrogen Life Technol-
ogies, 1:100). All sections were imaged on a Zeiss Meta 510 scanning confocal
microscope and analyzed using Zeiss Image Browser (v4.0.0.241; Carl Zeiss
Microimaging) or ImageJ (v1.43u, National Institutes of Health) software
for manual cell counting using the “Cell Counting and Marking” plug-in,
which ensured that every labeled cell was counted, but only once.

Calculation of S-phase, labeling index, growth fraction, and cell cycle.
The calculation of cell cycle length requires measurement of three factors:
the S-phase length, growth fraction (the proportion of cells in the cell
cycle), and labeling index (the number of cells in S-phase at any in-
stance). A full explanation of the derivation of the formulae used below
and the experimental data underlying these techniques has been de-
scribed previously (Hayes and Nowakowski, 2000; Nowakowski et al.,
2002; Tarui et al., 2005). Confocal microscope images of transverse sec-
tions of embryos through the stellate ganglia and, at E9.5 only, the region
between the neural tube and the stellate ganglion, were analyzed. For the
S-phase length, all Sox10 ™ or Tujl © and Hu* or TH ¥ cells in an image
were counted and scored as expressing BrdU alone, both BrdU and EdU,
or EAU alone. S-phase length was calculated using the formula; 2 X
((BrdU/EdU + EdU only)/BrdU only). The growth fraction was calcu-
lated from sections stained simultaneously for Ki67 (a marker of cycling
cells), Sox10, and one of Hu, Tuj1, TH, or Phox2b. The growth fraction
was the proportion of total Hu, Tuj1, TH, Phox2b, or Sox10 cells express-
ing Ki67. The labeling index was calculated as the Yintercept of a regres-
sion fitted to three values. The first two values were the number of cells
labeled after 30 min (BrdU */Edu " cells plus BrdU ~/EdU * cells), and
2.5h (BrdU */EdU ~, BrdU "/EdU " and BrdU "/EdU " cells) from the
sections used to calculate the S-phase length. The third value (at 2 h) was
from sections prepared from a second series of embryos from dams
injected only with single doses of BrdU at E9.5, 10.5, 11.5, 12.5, 14.5, 16.5,
or 18.5 and killed 2 h later. With the S-phase, labeling index, and growth
fraction determined, the cell cycle length was calculated as S-phase X
(Growth fraction/Labeling index).

Each parameter at each age was calculated from 3 to 9 embryos. Total
cell numbers counted to calculate the growth fraction were 446 (E9.5),
794 (E10.5), 542 (E11.5), 952 (E12.5), 1688 (E14.5), 4446 (E16.5), and
7659 (E18.5). Cell counts for calculating S-phase were 591 (E10.5), 1320
(E11.5), 605 (E12.5), 2230 (E14.5), and 8174 (E16.5). No S-phase length
for E18.5 (and hence no cell cycle length) could be calculated because of
the low number of cycling cells.

Stereology. Three Ret"“™/TSM and three wild-type (Ret ™) litter-
mates were fixed by immersion in 4% formaldehyde and the thorax
serially sectioned horizontally on a cryostat at 25 wm. Sections were
stained with Feulgen stain and counterstained with Light Green. All nu-
cleated cells in the stellate ganglion were counted using the optical frac-
tionator method with Stereo Investigator software (v4; MBF Bioscience).
Final section thickness was measured separately for each section counted.

Modeling. The numbers of three cell types, NC-derived progenitor
cells, neuroblasts, and glial cells, were modeled between E9.5 and E18.5.
A system of differential equations accounted for the change in cell num-
bers in terms of rates determined from the experimental data for the
growth fractions and cell cycle lengths.

NC-derived progenitor cells ( p) proliferate as well as differentiate into
neuroblasts (n) and glial cells ( g). The neuroblast and glial cells also
increase in number by proliferating themselves and it was assumed these
divisions are symmetric and generate two cells capable of further divi-
sion. The differential equation system describing the evolution of cell
numbers in time ¢ is given in Figure 1A.

The proliferation rate functions A, and A, for neuroblasts and glial
cells were determined from the data (Fig. 1A, Eq. 5): the growth fraction
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A Rate equations and initial conditions from E9.5 onwards
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Figure 1. A, Equations describing the time evolution of the three cell types present in the

mouse stellate ganglion. B, Values for parameters used in the model equations. See Materials
and Methods for details.

value was divided by the cell cycle time (in days) and nonlinear functional
forms were fitted to the data (Fig. 1B, see Fig. 7A; the adjusted R? values
for the fit are 0.9978 and 0.978 for A, and A,, respectively).

It was instructive to also predict the percentage of total cells from E14.5
assuming that the NC-derived progenitor cell population comprises
<1% of the ganglion population from this time onward. In this case, we
set p = 0 in the system and solved a system of two differential equations
for n and g (Fig. 1A, Egs. 2, 3), where the initial data were chosen as n
(14.5) = 86.8 (the measured proportion of neuroblasts).

From E9.5 to E12.5, the properties of the NC-derived progenitor cells
are also needed. At early times, the experimental data are unable to dis-
tinguish adequately between NC-derived progenitors and glial cells, as
both express Sox10 (Kuhlbrodt et al., 1998; Callahan et al., 2008). All
Sox10 "/TH ~ cells were assumed to be NC-derived progenitor cells, with
a growth fraction of unity everywhere except at E10.5, where our data
show that it decreased to 0.79, and a cell cycle length at E9.5 of 10.6 h and
at E10.5 of 30.0 h.

There were no direct experimental data on the cell differentiation
rates. These were estimated so that the results of the model approximate
the percentage of cell data for the proportions of neurons and glia (Fig.
1B, rates B, and B,). At E9.5, only NC-derived progenitor cells were
present. NC-derived progenitors could differentiate into neuroblasts and
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glial cells with time delays (Fig. 1B, time delays ¢, ¢,), as the glial
marker, brain fatty acid-binding protein (BFABP), is first detected at
E11.5 in the mouse stellate ganglion (Callahan et al., 2008). The “differ-
entiation switch” for neurons and glia was chosen as smooth, but rapidly
increasing (using a tanh function in Eq. 6; Fig. 14).

All modeling was done using Mathematica 8 (Wolfram Research).

Statistical analysis. The labeling index was calculated on pooled values
from all embryos at each age. Growth fractions, cell cycle length, and
S-phase length are presented as means = SEM for each embryonic age.
Means were compared using either one-way ANOVA with Tukey’s post
hoc test (for comparing GF, T, or Ty at different ages in wild-type ani-
mals) or unpaired ¢ test (for comparing GF, T, and T at E12.5, 14.5, and
16.5 between wild-type and Ret "™/ TSM) ysing GraphPad Prism v5.04
(GraphPad Software). For the post hoc tests, a = 0.05 except where data
were used in two separate tests. When wild-type E12.5, 14.5, and 16.5
were compared with the same ages from Ret T“™TSM mice by t test, an
additional Bonferroni correction was applied and « was set to 0.01 to
reflect the fact that same wild-type data were used in two statistical
analyses.

Results

Phenotypic composition of the stellate ganglion during
development in wild-type mice

We first established how the molecular signatures of cells in the
stellate ganglion of wild-type mice change during embryonic de-
velopment. The stellate ganglion is present in transverse sections
through the trunk at the level of the forelimbs (Callahan et al.,
2008; Maden et al., 2012). Identification of different cell types was
based on expression of cell type-specific markers. NC-derived
progenitor cells express Sox10 without Hu, Tujl, or TH. After
E11.5, the expression of Sox10 without Hu, Tujl, or TH also
marks immature glial cells, as cells coexpressing Sox10 and the
satellite glial marker, BEABP, appear at this time (Woodhoo etal.,
2004; Callahan et al., 2008). Neuroblasts, immature neurons that
in the sympathetic ganglia can retain the ability to divide
(Rothman et al., 1978; Rohrer and Thoenen, 1987), were identi-
fied by expression of neuronal markers Tuj1, Hu, or TH. Sections
were counterstained with the nuclear marker, bisbenzimide, to
determine total cell number in each section through the ganglion.
The relative proportions of different classes of cells are summa-
rized in Figure 2.

At E9.5, Sox10 ™ NC-derived progenitor cells had coalesced
into a column of cells adjacent to the dorsal aorta (Fig. 3A).
Sox10™ cells were also present between the dorsal root ganglia
and stellate ganglion. No Tujl ™, Hu™, or TH ™ cells were de-
tected at this age.

By E10.5, cells showing immunoreactivity to various combi-
nations of Sox10, Tuj1, Hu, and TH were present in the ganglion
(Table 1, Figs. 2, 31,]). Fifty-four percent of the cells expressed
Sox10 without Tujl (794 cells, n = 4). The remaining 46% of the
cells expressed Tujl (Fig. 2A) and also Hu (data not shown), with
approximately half of the Tuj1 ™ cells also expressing TH (Fig. 2,
compare A, C). Weak Sox10 expression was detectable in ~80%
of the Tujl */Hu ™ cells (Figs. 24, 31,]). A direct comparison of
TH and Sox10 expression at E10.5 (Table 1) showed that 71% of
the cells (n = 468 total cells counted) was Sox10*/TH ~, while
Sox10 */TH™ cells made up 17% of the total and 13% was
Sox10 /TH ™.

These results are consistent with previous reports (Rohrer,
2011) where NC-derived cells that initially express only Sox10
differentiate, first expressing pan-neuronal markers (Hu and
Tujl) and, shortly thereafter, the sympathetic neuron marker,
TH. The expression of weak Sox10 immunoreactivity in some
cells expressing neuronal markers presumably reflects differenti-
ating neurons that still have residual expression of Sox10 protein.
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Figure 2.  Changes in the relative proportions of different classes of cells in the developing
mouse stellate ganglion. Percentages are expressed as proportions of total cells counted at each
age. A, The proportions of cells expressing Sox10 and/or Tuj1 at E10.5. Note that ~40% of cells
express both Sox10 and Tuj1 at E10.5. B, The proportions of cells expressing Sox10 and/or
Phox2b at E9.5 and 10.5. €, The proportions of cells expressing Sox10 and/or TH from E9.5 to
E18.5.

At E11.5, TH was present in nearly all (93%, 316 cells, n = 4)
of Tujl " cells,and TH ™ cells made up 88% of the total cells in the
ganglion (Fig. 2C). In contrast to E10.5, <1% of total cells was
Sox10*/TH ™ (Fig. 2C). Sox10 */TH ~ cells comprised ~14% of
the cells in the ganglion (Fig. 2C).

By E12.5, TH was present in 97% of all Tujl cells and so all
subsequent analyses from E12.5 to E18.5 were done using TH as a
marker of neuroblasts. From E12.5 to E18.5, over 80% of cells
were Sox10 ~/TH ™ (Figs. 2C, 3 M, N), although their proportion
decreased slightly after E12.5 (Fig. 2C). The proportion of cells
expressing Sox10 increased from E12.5 to E18.5 (Fig. 2C). We
have previously shown that <1% of all cells are Sox10 "/TH * at
E12.5-E18.5 (Callahan et al., 2008).

We also examined the pattern of expression of Phox2b in the
stellate ganglion. Phox2b is one of the first transcription factors
expressed by differentiating NC-derived progenitor cells in em-
bryonic sympathetic ganglia and is present in all mature sympa-
thetic neurons (Pattyn et al., 1997). Phox2b plays an essential role
in a transcriptional cascade that leads to expression of a norad-
renergic phenotype in neuroblasts (Howard, 2005; Rohrer,
2011). Expression of Phox2b was examined in a separate series of
embryos to those used above. At E9.5, Phox2b immunoreactivity
was present in ~23% of Sox10 * cells (total of 253 Sox10 ¥ cells
from six embryos) within the ganglion (Figs. 2B, 3 A, B). By E10.5,
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98% of the cells in the ganglion expressed Phox2b (Table 1, Fig.
2B), either Sox10 */Phox2b ™ (90%, 674 cells, n = 6) or Sox10 ~/
Phox2b™ (8%; Fig. 3E,F). Sox10 "/Phox2b ™ cells comprised
only 2.2% of the total cells in the ganglion. We have previously
shown that, by E11.5 and E12.5, the proportion of Phox2b in
developing sympathetic ganglia is similar to that of TH ™ cells
(Callahan et al., 2008).

In summary, there is a striking change in the molecular signa-
ture of cells in the stellate ganglion between E9.5, when 100% of
the cells express Sox10 without any pan-neuronal marker, and
E11.5, when ~90% of the cells are expressing pan-neuronal
markers plus TH.

Ki67 and the growth fraction

We next identified which cells were actively cycling using Ki67
immunohistochemistry. Ki67 marks cells in all stages of the cell
cycle but is absent from cells in G, (Scholzen and Gerdes, 2000).
All Sox10 */Tujl ~ cells at E9.5 were Ki67 * (Figs. 3 A,C,D, 4B).
The data for Ki67 at E10.5 are summarized in Table 1. The per-
centage of Sox10 "/Tuj1 ~ cells that was Ki67 ~ at E10.5 decreased
from that at E9.5 to 85% (Table 1). In strong contrast, only 5.3%
of Sox10 */Tujl ™ (Fig. 3I-L) and 0% of Sox10 /Tujl = was
Ki67 * (Table 1, Fig. 4A,B). An even lower proportion of
Sox10 */TH ™ cells was Ki67 * (Table 1).

The low proportion of cycling cells seen at E10.5 relative to
E9.5 was reversed at E11.5 when the proportion of Ki67 ™ cells
increased significantly to over 90% for both Sox10"/TH ~ and
Sox10 7/TH™ cells (Fig. 4A,B). A similar percentage of both
Sox10 */TH ~ and Sox10 "/TH ™ cells was also Ki67 * at E12.5
(Figs. 3M—P, 4A,B), but thereafter the proportion of Sox10 "/
TH ™ cells that was Ki67 * dropped exponentially to 17% at E16.5
(3800 TH * cells, n = 3) and 2.4% at E18.5 (5800 TH " cells, n =
3). The growth fraction of Sox10 */TH ~ cells also decreased rap-
idly after E12.5, but always remained higher than that of Sox10 ~/
TH ™ cells at the same age (Fig. 44, B).

Withdrawal of the Tujl * cells from the cell cycle at E10.5 was
independently confirmed in two ways. First, we performed stain-
ing for phospho histone H3 (PH3), a marker of cells in M phase
and hence a subset of cycling cells (Hendzel et al., 1997). At E10.5,
6% of 247 Sox10 */Tujl ~ cells were immunoreactive for PH3,
but only 1 of 188 Sox10 */Tujl * cells (n = 4) and none of 130
Sox10 ~/Tujl * cells expressed PH3. In contrast, at E11.5, 6% of
Sox10 "/Tujl ~ cells were immunoreactive for PH3 (1 = 90) and
5% of Sox10 ~/Tujl ™ cells (n = 479) were immunoreactive for
PH3. Second, the use of the S-phase marker, BrdU, confirmed the
withdrawal from the cell cycle seen using Ki67 and PH3 immu-
nohistochemistry. None of a total of 200 Sox10*/Tujl * and
Sox10 ~/Tuj1 * cells examined at E10.5 was BrdU * 2.5 h follow-
ing injection of BrdU. In contrast, at E11.5, 60% of Sox10 ~/TH *
cells took up BrdU (n = 458 TH ™ cells).

Hendershot et al. (2008) also confirm fewer neuroblasts (Hu-
immunoreactive) cycling in mouse sympathetic ganglia at E10
compared with E12, although the difference is not as large as
reported here due, most likely, to differences in the ages exam-
ined (E10.0 vs E10.5) and the inclusion of cells from the entire
length of the sympathetic chain, which develops with a distinct
rostral to caudal temporal gradient.

These experiments demonstrate that the initial expression of
neuronal markers at E10.5 coincides with a transient withdrawal
from the cell cycle, but most neuroblasts then re-enter the cell
cycle at E11.5. Permanent withdrawal from the cell cycle by neu-
roblasts could start as early as E11.5, when a small number of cells
of both types lacked Ki67, and is well under way after E12.5. The
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Table 1. Ki67 immunoreactivity in mouse stellate ganglion at E10.5

Percentage of total Ki67 * percentage Number of cells
Sox10 */Tuj1 ~ 53.7 84.7 426 (n = 4)
Sox10 */Tuj1 = 39.7 53 315(n=4)
Sox10 ~/Tuj1 * 6.7 0 53(n=4)
Sox10 */TH ~ 70.5 794 330(n="9)
Sox10 /TH ™ 16.9 3.8 79(n="9)
Sox10 ~/TH™ 12.6 1.7 59(n=29)
Sox10 /Phox2b ~ 2.2% 40% 15(n = 6)
Sox10 /Phox2b * 90% 32% 604 (n = 6)
Sox10 ~/Phox2b * 8.4% 34.5% 55(n=16)

vast majority (~98%) of TH * cells had withdrawn from the cell
cycle by E18.5, while at this time, 26% of Sox10*/TH ™ cells
remained in the cell cycle.

In contrast to the correlation between initial expression of
Tujl, Hu, or TH and withdrawal from the cell cycle, all Phox2b
cells expressed Ki67 at E9.5 (Fig. 3A-D). At E10.5, when the
majority of the cells were Sox10 */Phox2b ¥, 32% of Sox10 "/
Phox2b * cells coexpressed Ki67 as did 34% of Sox10 ~/Phox2b ™
cells (Fig. 3E-H, Table 1). 40% of Sox10 "/Phox2b ~ cells also
expressed Ki67. Thus, unlike Tujl, Hu, and TH, the presence of
Phox2b did not correlate with the loss of Ki67 immunoreactivity
at E10.5.

Transverse sections through the forelimbs showing distribution of cell-specific markers relative to the cell cycle
indicator, Ki67, in the stellate ganglion at various ages. Each row of images shows triple-label immunofluorescence for Sox10, Ki67,
and either Phox2b, Tuj1, or TH, together with a merged image. A—D, Note that at E9.5 the majority of cells show only Sox10
immunostaining, with afew also showing colocalized Phox2b. All Sox10 ™ cells at this age are Ki67 immunoreactive. E~L, AtE10.5
(E-H), nearly all cells are Sox10 */Phox2b *, but many cells lack Ki67. Many cells also express the pan-neuronal marker, Tuj1, at
E10.5 (I-L); these cells mainly lack Ki67. In contrast, Sox10 * /Tuj1 ~ cells are mostly Ki67 * (arrows). M—P, By E12.5, TH and
Sox10 are expressed by nonoverlapping populations of cells, which now mark glial cells and nearly all cells are now immunoreac-
tive for Ki67. Arrows in A—F show examples of cells that are immunoreactive for Ki67, Sox10, and Phox2h.
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Calculation of cell cycle lengths of
stellate ganglion cells

Proliferation was measured by adapting
methods from Nowakowski et al. (1989)
and Hayes and Nowakowski (2002).
Quadruple-labeling involving two S-phase
markers (BrdU and EdU) combined with
immunofluorescence for Sox10, Tujl, or
TH and nuclear staining with bisbenzimide
was performed (Fig. 5A—H ). The use of two
S-phase markers injected with a 2 h interval
allowed the calculation of both the labeling
index (the proportion of cells in S-phase at
any instant) and the length of S-phase. This
was done for Sox10™ cells (all ages) and
Tujl ™ (E10.5 only) or TH ™ cells (E10.5 on-
ward). Together, the labeling index and the
S-phase length could be combined with the
growth fraction to calculate the overall cell
cyclelength and S-phase length for all devel-
opmental ages examined. The data are sum-
marized in Figure 4C-F.

AtE9.5,S0x10 " cells between the neu-
ral tube and the ganglion and within the
ganglion primordium itself were highly
proliferative and had an S-phase length of
7.2 hand a cell cycle length of only 10.6 h
(Fig. 4D), which was the shortest cell cycle
length of any cell type examined in this
study.

At E10.5, the cell cycle length of
Sox10 "/Tujl ~ cells was 38.4 * 1.36 h,
which is significantly longer than that at
E9.5 (one-way ANOVA and Tukey’s post
hoc test, F4 5, = 7.0, p = 0.004; Fig. 4D).
As a consequence, the change in the pro-
portion of the cell cycle occupied by
S-phase between E9.5 and E10.5 was striking, and significantly
decreased from 65% (£5.6%) at E9.5 to 11.1% (= 1.10%) at
E10.5 (unpaired ¢ test, t = 11.10, df = 9, p < 0.0001).

From E11.5to E16.5, S-phase length (~7 h) and total cell cycle
length (~20 h) of TH ™ cells did not significantly change (one-
way ANOVA and Tukey’s post hoc test, F(5 5, = 0.89, p = 0.470;
Fig. 4C,E). No S-phase or cell cycle length could be calculated at
either E10.5 or E18.5 for TH ™ cells as too few cells were in the cell
cycle.

At E11.5, the cell cycle length of Sox10™" cells decreased to
12.9 h with S-phase now comprising 32% of the cell cycle (Fig.
4D,F). Cell cycle length of Sox10 " cells increased significantly
from E11.5 to E18 0.5 (one-way ANOVA and Tukey’s post hoc
test, F(g 30y = 5.5, p = 0.001; Fig. 4D). S-phase length was signif-
icantly increased at E18.5, relative to all other ages (one-way
ANOVA and Tukey’s post hoc test, F4 55, = 8.2, p = 0.0001, Fig.
4D,F).

As a control, we examined the effect of decreasing the period
of BrdU incubation, as if the overall BrdU incubation period (2.5
h) is too long relative to the S-phase length, then a cell that incor-
porates BrdU in S-phase early in the period of exposure to BrdU
could progress through metaphase within that period and so ap-
pear as two cells. At E12.5, the age with the shortest S-phase (for
Sox10 "/TH ~ cells), shortening the BrdU incubation to 1.5 h
gave similar S-phase lengths for Sox10 ™ cells to the 2.5 h BrdU
incubation (S-phase lengths of 3.6 h vs 2.9 h for 1.5 and 2.5 h
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Figure 4.  A-F, Proportion of cycling cells (growth fraction, A, B), overall cell cycle length
(CCL; €, D), and S-phase length (E, F) for TH or Tuj1 cells lacking Sox10 (4, C, E), or Sox10 cells
lacking THor Tuj1 (B, D, F). Note that (1) at E9.5, no cells expressing Tuj1 or TH were present; (2)
to identify Sox10 ™ cells that did not express neuronal markers, Tuj1 was used as a neuronal
markerat E10.5, and TH was used as a neuronal marker at E11.5 and later ages; (3) at E10.5 only
Sox10 */Tuj1 ~ cells were present in sufficient numbers to calculate an S-phase and a (CL; and
(4) at E18.5, there were too few cycling Sox10 ~/TH * cells to calculate S-phase or C(Ls. Values
were compared with a one-way ANOVA and significant differences are indicated with asterisks,
except for A, where the only values that were not significantly different from each other are
indicated as n.s.

BrdU incubations, respectively; unpaired ¢ test, two-tailed, t =
1.41,df = 4,p = 0.23,n = 3). S-phase length in the TH * cells was
similarly unaffected (6.2 h vs 6.8 h for 1.5 and 2.5 h BrdU incu-
bations, respectively; unpaired t test, two-tailed, = 1.94, df = 6,
p=0.66,n=3).

These studies demonstrate that the initial expression of Tujl
and TH by stellate ganglion cells is preceded by an initial slowing
of the cell cycle and coincides with a transient exit from the cell
cycle.

We were unable to examine cell cycle length of Phox2b * cells
as the Phox2b immunostaining did not survive the acid treat-
ment required to reveal BrdU immunoreactivity.

Ret and cell cycle length

All sympathetic ganglia are reduced in size in Ret-null mutant
mice (Enomoto et al., 1998). We therefore examined the effect of
loss of Ret, the signaling receptor for GDNF family ligands, on cell
cycle dynamics in the stellate ganglion in E12.5, E14.5, and E16.5
Ret-null mutants (Enomoto et al., 1998).

Lack of Ret altered cell cycle dynamics of TH " cells in the
stellate ganglion in a time-dependent manner (Fig. 6A,C,E). Cell
cycle length of TH™ cells was affected (significant interaction
between genotype and age, two-way ANOVA, F, ; 15, = 32.6,p <
0.0001) and post hoc analysis showed that the total cell cycle
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length was increased fourfold (24.5 vs 99.4 h) at E16.5 in the
Ret T"OMWTGM mice (Fig. 6C). S-phase length of TH ™ cells was
similarly lengthened in Ret "™ "™ mice only at E16.5 (signifi-
cant difference between genotypes, two-way ANOVA, F(, | |5 =
6.6, p = 0.021; Fig. 6E). There were no differences between
Ret "SMTM and wild-type cell cycle or S-phase lengths at E14.5
and E12.5 and the growth fraction was not altered at any age (Fig.
6A, C,E). There was no significant difference in any parameter in
Sox10 " cells in Ret "™ TSM mice (Fig. 6 B, D,F).

Stereology and the optical fractionator method were used to
measure the effect of loss of Ref on total cell number in the stellate
ganglion at E18.5, when our data show nearly all TH * cells have
withdrawn from the cell cycle and hence proliferation has largely
stopped. Both stellate ganglia were counted in each of three ani-
mals for each genotype. E18.5 Ret-null mutants had significantly
less total cells in the stellate ganglion compared with wild-type
(23,760 = 1995 in mutants vs 41,906 * 1516 in wild-type; un-
paired t test, two-tailed, t = 2.13, df = 4, p < 0.01). Sox10 " cells
comprised the same proportion of total ganglion cells in wild-
type and mutant mice (19% vs 18% of total cells, respectively),
and thus the decrease in total cell number in the ganglion must be
due to decreases in both Sox10 " and TH ™ cells.

Modeling

We examined whether a mathematical model based on the cell
cycle parameters measured in wild-type mice could accurately
predict the changes in proportions of cell types shown in Figure 2.
Initially, we modeled ganglionic growth from E14.5 to E18.5.
During this period, 98% of the Sox10 */TH ~ cells in the mouse
stellate ganglion also express the glial marker, BEABP (Callahan
et al., 2008), therefore, we only included two cell types in the
model: Sox10 */TH ~ cells (glial cells, g) and Sox10 /TH " cells
(neuroblasts, ). The observed changes over time in growth frac-
tion for the two cell types set both the initial division rate and the
rate at which they withdrew from the cell cycle. As Sox10 ™ cells
lacking BFABP expression (presumed NC-derived progenitor
cells) comprise a maximum of 2% of total cells between E12.5 and
E18.5 (Callahan et al., 2008), TH™" cells were assumed to arise
only from the division of pre-existing TH ™ cells in the model.
Using the E14.5-E18.5 cell cycle length and growth fraction data,
and starting the model from the observed proportions at E12.5,
led to a very close fit for predicted cell proportions to observed
proportions over the three succeeding time points (Fig. 7B).

The sensitivity of the model to potential systematic errors in
our measured parameters was then explored. Halving the cell
cycle length or doubling the growth fraction (thereby doubling
the proliferation rate parameter) leads to a large mismatch be-
tween observed and modeled values (Fig. 7B, dashed lines). Dou-
bling the cell cycle length or halving the growth fraction (thereby
halving the proliferation rate) also perturbed the match, but to a
lesser extent (Fig. 7B, dotted lines). While the fit of calculated to
observed values could be improved very slightly by arbitrary ad-
justments in parameters, for instance, increasing the starting pro-
portion of neuroblasts at E14.5 by 1%, the adjustment needed
was always very small, suggesting the initial model was quite
accurate.

To explore ages earlier than E14.5, a significant additional
population of cells, NC-derived progenitor cells (p), had to be
included in the model. Sox10*/TH ™ cells include both NC-
derived progenitor cells and glial cells, which can be identified by
the expression of BFABP. The model assumes that at E9.5, all cells
were NC-derived progenitor cells, which, with time, both prolif-
erated and differentiated. Proliferation rates were based on the
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Figure 6.  A-F, Data for growth fraction, cell cycle length, and S-phase length were mea-
sured for Sox10 ~/TH ™ and Sox10 */TH ~ cells in stellate ganglia from Ret ™™™ mice (ret)
at E12.5, E14.5, and E16.5. The asterisks mark pairs of means that were significantly different
using unpaired ¢ tests (c = 0.01). WT, Wild-type.

cell cycle lengths measured for Sox10 " cells at E9.5 and E10.5.
We modeled the differentiation of NC-derived progenitor cells
(p) by including fixed probabilities that the progenitors would
differentiate into neuroblasts from E10.0 and glial cells only after
E11.0, as BFABP is first detected at E11.5 in the mouse stellate
ganglion (Callahan et al., 2008). These probabilities were deter-
mined iteratively and adjusted to yield the observed growth rate
of the ganglion. The differentiation probabilities are the only
values used in the model that were not derived directly from

Transverse sections through the forelimbs of E12.5 mouse embryos showing BrdU and EdU following injection of BrdU
and EdU 2.5and 0.5 h before death, respectively. A-D, Incorporation of BrdU and EdU into TH  cells. E~H, Incorporation of BrdU

cell with both BrdU and EdU, and
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observation and were selected on the basis
that they gave rise to the observed propor-
tions of the two main cell types at E12.5. If
glial cells were committed from E10.0, the
same time as assumed for neuroblasts,
then the differentiation rate for glia would
need to be changed to match the observed
proportion of glia at E11.5. The model
started from E9.5 and generated very sim-
ilar changes in the relative proportions of
cell types to those we observed in develop-
ing mouse stellate ganglia from E12.5 to
E18.5 (Fig. 7C).

From E9.5 to E10, there is no detect-
able differentiation, and the NC-derived
progenitor cells increase in number. The
selected differentiation times for NC-
derived progenitor cells and glial cells
were 6 and 20 h, respectively. These values
were determined by trial and error and gave the closest fit to the
proportions from E14.5 onward. For neuroblasts, the differenti-
ation time is shorter than the measured cell cycle length (10.6 h).
This means that up until E11, before glial cells appear, there are
some asymmetric divisions of NC-derived progenitor cells, with
each division generating one progenitor and one neuroblast. The
model predicts each daughter cell of a dividing NC-derived pro-
genitor cell has a probability of 0.36 of remaining an NC-derived
progenitor cell and 0.64 of turning into a neuroblast. After E11,
when Sox10 “/TH ~ NC-derived progenitor cells were also per-
mitted to differentiate into glial cells as well as neuroblasts, the
model predicts each daughter cell of a dividing NC-derived pro-
genitor cell has a probability of 0.3 of remaining an NC-derived
progenitor cell, 0.54 of turning into a neuroblast, and 0.16 into a
glial cell. This results in the rapid depletion of NC-derived pro-
genitor cells in the ganglion to very low numbers around E12.5,
which matches the observation of very few Sox10 */BFABP ~ cells
(0.3%) present at E12.5 (Callahan et al., 2008).

The number of neuroblasts and glial cells present at any time
was proportional to the initial number of NC-derived progenitor
cells (p,) present at E9.5. The model results determined the total
number of cells (p + n + g) at E18.5 to be equal to 120.21p,,.
Therefore, if the total count is 41,906 cells in E18.5 wild-type
ganglia (from stereology), the model predicted that the number
of NC-derived progenitor cells present at E9.5 is p, = 41,906/
120.21 = 349. Given that there are only NC-derived progenitor
cells present at E9.5, their number was Pye > = 159 cells at E9.0.
This number is plausible and independently suggests that the
model is realistic.

Note that the model assumes that each of the populations (p,
n, g) is homogenous in composition and that only these three
populations contribute to the growth of the ganglion. It also does
not take into account cell death. Previous studies have shown that
cell death occurs at very low levels in embryonic mouse sympa-
thetic ganglia. For example, the number of pyknotic (presumably
apoptotic) or caspase 3 immunoreactive nuclei reported in
mouse sympathetic ganglia vary from none at E12.5 (Enomoto et
al., 2001) to a maximum of 0.9% at E16.5 and E17.5 and 1.4% at
PO (Fagan et al., 1996; Francis et al., 1999; Enomoto et al., 2001),
with the rate of cell death increasing from E15.5 (Eldredge et al.,
2008). If one assumes pyknotic or caspase 3-positive nuclei sur-
vive for ~8 h, then cell death could be ~3% from E16.5 to E18.5.
The cell cycle status of the dying cells is unknown, but they are
most likely immature sympathetic neurons that have withdrawn
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Figure 7. A, Curve fits to observed proliferation rates, (calculated by dividing growth frac-

tion by cell cycle time/24 h) for Sox10 ~/TH ™ cells (blue points) and Sox10 * cells (red points).
Black points are for NC-derived progenitor cells present on E9.5 and 10.5. For NC-derived pro-
genitor cells after E10.5, proliferation rate was assumed to return to that seen on E9.5 (dotted
line). Note that for any age, the proliferation rate of Sox10 ™ cells is always larger than for
Sox10 ~/TH ™ cells. B, Comparison of the predictions of the model (solid lines) compared with
the observed proportions of each cell type (Sox10 ~/TH ™ cells = n, blue solid line; Sox10 ™
cells = g, red solid line) from E14.5 to E18.5. The model accurately predicts the observed
proportions of Sox10 ~/TH™ cells (blue squares) and Sox10 */TH cells (red squares). Arbi-
trarily doubling (dashed lines) or halving (dotted lines) proliferation rates to mimic systematic
errors in the data results in poorer fits. ¢, A complete model of the change in proportions of
Sox10 ~/TH™ cells (n, blue line) and Sox10 * cells (g, red line) in the stellate ganglion from
£9.5. The model includes differentiation of NC-derived progenitors (p, black line) into Sox10 ~/
TH™ cells from E9.5 and Sx010 * cells from £10.5. The model accurately predicts the observed
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from the cell cycle, which are competing for peripheral targets.
Inclusion of a cell death term with these parameters would reduce
total cell numbers in the ganglion by 7% at E18.5.

When the parameters for the Ref-null mutant mice at E12.5,
14.5, and 16.5 were substituted into the model with a starting
number calculated by the model of 349 cells at E9.5, the model
predicted 37,030 total cells at E18.5, compared with 23,760 cells
by stereological count of sections from Ret "™ M animals.
Although Sox10 ™ cells comprised the same proportion of total
ganglion cells in wild-type and mutant mice, the model pre-
dicted that there should be significantly fewer neuroblasts but
only a slightly smaller number of glial cells in Ret-null mutants
(Fig. 7D), thus resulting in an increased relative proportion of
glial cells. Thus the changes to cell cycle length measured after
deletion of Ret appear to account for only some of the loss of
neuroblasts observed and not at all for changes in the glial
cells.

Discussion

Differentiation and cell cycle withdrawal

In the CNS, neuronal differentiation is accompanied by perma-
nent withdrawal from the cell cycle, but in developing sympa-
thetic ganglia, proliferation continues following neuronal
differentiation (Rothman et al., 1978; Rohrer and Thoenen, 1987;
Hendershot et al., 2008; Reiff et al., 2011). We have shown that
differentiation of sympathetic neuroblasts is accompanied by
transient exit of the cell cycle and subsequent re-entry approxi-
mately 1 d later; cell cycle withdrawal and re-entry was confirmed
using three independent techniques (Ki67, PH3, and BrdU up-
take). Sympathetic neuroblasts are therefore similar to other neu-
rons in that neuronal differentiation coincides with exit from the
cell cycle; the unusual characteristic of sympathetic neuroblasts is
that they then re-enter the cell cycle after initial neuronal differ-
entiation. Our data are summarized in Figure 8.

The mechanism(s) that mediate the transient cell cycle arrest
are unknown. The appearance of Phox2b at E9.5 is not associated
with the transient cell cycle exit seen at E10.5, as 98% of all cells
expressed both Phox2b and Sox10, and so most Phox2b * cells
lacking Tuj1 and TH must remain cycling. This also means that
Phox2b must be present in cells that give rise to both neurons and
glia in sympathetic ganglia, as suggested previously (Tsarovina et
al., 2008; Nagashimada et al., 2012), similar to the situation in the
enteric nervous system (Young et al., 1998; Anderson et al., 20065
Corpening et al., 2008; Lei and Howard, 2011).

Sox10 levels have been suggested to drive proliferation of NC-
derived cells (Kim et al., 2003) and so the loss of Sox10 could
potentially be involved in cell cycle withdrawal. However, 40% of
the Tujl ™ cells at E10.5 showed colocalized Sox10 immunoreac-
tivity and most (95%) of these cells have withdrawn from the cell
cycle (Table 1). There is a noticeable decrease in the intensity of
Sox10 immunoreactivity in these cells versus Sox10 */Tuj1 ~ cells
suggesting that it may be the decrease in Sox10 levels, rather than
its complete absence, that regulates cell cycle exit.

<«

proportions of Sox10 ~/TH ™ cells (blue squares) and Sox10 * cells (red squares). The green
line (g + p) indicates the period where significant numbers of NC- derived progenitor cells
overlap with glial cells. Both cell types will contribute to measured Sox10 ™ cells. D, Predictions
of changes in absolute cell numbers in the ganglion based on the model, starting number
adjusted to match stereological counts at E18.5. The increase in number in the wild-type (wt)
ganglion of Sox10 ~/TH * cells (assumed to be neuroblasts, n) and Sox10 * cells (assumed to
be glial cells, g) are shown in the solid lines. The dotted lines show the result when parameters
from Ret "™ (ret) animals are used.
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Figure 8.  Diagram summarizing the postulated cell types in the developing mouse stellate

ganglion from E9.5 to E12.5 and their cell cycle parameters. Cells expressing Sox10 ™/
Phox2b */Tuj1 ~ appear on E9.5 and are also present on E10.5. Sox10 */Phox2b ~/Tuj1 ~
cells present on E10.5 (shown as glial progenitors) may be a mixture of glial progenitors and
NC-derived progenitor cells that are yet to differentiate. These cells are present in very low
numbers and no cell cycle parameters could be calculated. Note the change in cell cycle param-
eters from E9.5 to E11.5, with differentiating neuroblasts withdrawing from the cell cycle on
E10.5 and re-entering on E11.5. All cells expressing Tuj1 also expressed Hu. CCL, cell cycle
length; GF, growth factor.

An alternative explanation to our assumption that a single
population of differentiating neuroblasts transiently exits the cell
cycle is that there are two neuroblast populations; an initial pop-
ulation that permanently withdraws from the cell cycle at E10.5,
and a second, dividing, neuroblast population that appears at
E11.5. However, cell cycle withdrawal of most neuroblasts at
E10.5 would leave too few dividing cells to populate the ganglion
from E11.5. Our model only matches the observed growth of the
ganglion when all cells at E10.5 are assumed to re-enter the cell
cycle. In addition, if most of the cells at E10.5 withdraw from the
cell cycle, they must disappear by E12.5, when only a small num-
ber of cells are seen to be out of the cell cycle, but no cell death is
observed at this time (Enomoto et al., 2001).

Cell cycle dynamics of neuroblasts

At E9.5, the short cell cycle length and relatively long S-phase
length of NC-derived progenitor cells forming the ganglion pri-
mordium is characteristic of embryonic stem cells and early em-
bryonic cells (Mac Auley et al., 1993; White and Dalton, 2005). At
E10.5, Sox10 /TH ~ cells had a lengthened cell cycle and a rela-
tively short S-phase. The change in cell cycle parameters coinci-
dent with differentiation is characteristic of other differentiating
stem or progenitor cells. The lengthening in the cell cycle is
thought to allow time for signaling to initiate differentiation.
While studies of some neuronal lineages have reported that the
crucial change is a lengthening of G1 (Takahashi et al., 1997;
Orford and Scadden, 2008; Singh and Dalton, 2009; Salomoni
and Calegari, 2010), other studies have reported a lengthening of
S-phase (Arai et al., 2011) or a shortening of G2 (Peco et al,,
2012). It is not yet known what the crucial change is in sympa-
thetic NC-derived progenitor cells.

Sox10 */Phox2b ~/Tujl ~ cells form the mouse sympathetic
ganglion at E9.5 and then rapidly differentiate, first into Sox10 */
Phox2b "/Tuj1 ™ cells and then into mainly Sox10 */Phox2b */
Tujl " cells. By E11.5, Sox10 */Phox2b ~/Tujl ~ cells comprise
only 2% of total cells in the mouse stellate ganglion. In contrast,
in chicken sympathetic ganglia, Sox10 */Phox2b ~/SCG1~ cells
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(SCG10 is a pan-neuronal marker) make up approximately half
of the total area of sympathetic ganglia over three days while
differentiation of sympathetic neuroblasts occurs (Tsarovina et
al., 2008, their Fig. 3b). The mouse appears to lack this reserve of
progenitors.

Comparison to mouse cerebral cortex

In the cortex, the cell cycle length of progenitor cells gradu-
ally increases from 8 to 18 h (Takahashi et al., 1997), due to a
steady increase in G,, but not S-phase (Mitsuhashi and
Takahashi, 2009). In the stellate ganglion, the cell cycle length
changes irregularly with time. From E9.5 to E10.5, cell cycle
length decreases dramatically and then speeds up again at E11.5.
Neuroblasts thereafter show a constant cell cycle length (~22 h).
Sympathetic glial cells show a steady increase in cell cycle length,
so that, from E14.5 to E 18.5, cell cycle length increases by over
20 h, but this is accompanied by an increase in S-phase of 14 h.
Like Schwann cells (Jessen and Mirsky, 2005), satellite glia
(Hanani, 2010) are likely to mature progressively through devel-
opment (Hanani, 2010) and changes in cell cycle length may
reflect this maturation.

Whereas in the mouse cortex, neurons appear over a 6 d pe-
riod (Takahashi etal., 1997), sympathetic neuroblasts first appear
at E10.5, and neuroblasts have largely stopped dividing by E18.5,
an 8 d period. The rate of increase of cell number is also quicker in
the mouse cortex, where the 11 cell cycles available over the 6 d
increase numbers 140-fold (Takahashi et al., 1997). Even includ-
ing the initial proliferation of NC-derived progenitor cells in the
ganglion, our model suggests that the stellate ganglion only ex-
pands 120-fold, due to its longer average cell cycle length. The
proportion of cycling cells (the growth fraction) in both the cor-
tex and stellate ganglion decreases at a similar rate and reaches 0.5
at E14.0 (Takahashi et al., 1997), although it should be noted that
limited cell division of sympathetic neuroblasts appears to con-
tinue after birth in rodents (Hendry and Campbell, 1976; Shi et
al., 2008). A majority of glial cells withdraw from the cell cycle by
E18.5, but a significant minority remain cycling (Shi et al., 2008).

Modeling

The measured cell cycle lengths and growth fractions were inte-
grated into a model that accurately predicts the changes in rela-
tive proportions of Sox10 * and TH * cells in the stellate ganglion
from E12.5 to E18.5. With the addition of an estimated rate at
which NC-derived progenitor cells differentiate into neuroblasts
and glial cells, it provides testable estimates of the rate of appear-
ance of these cells and still maintains the fit to later time points.
More accurate estimates of when, and the rate at which the first
neuroblast and glial cells appear, as well as better markers of
uncommitted NC-derived progenitor cells, will allow this part of
the model to be refined.

Effect of loss of Ret on proliferation

E16.5 Ret-null mutants have smaller sympathetic ganglia com-
pared with wild-type littermates and at PO there is significantly
greater apoptosis (Enomoto et al., 2001). However, while Ret is
expressed by all sympathetic neuroblasts at E11.5, it is absent
from the majority of noradrenergic neuroblasts by E14.5
(Enomoto et al., 2001; Callahan et al., 2008), only remaining
thereafter in the small number of cholinergic neuroblasts present
in the ganglion (Brodski et al., 2002; Ernsberger, 2008). Enomoto
et al. (2001) suggested that the effects of the absence of Ret at
E16.5 and PO are indirect and are likely due to defects in earlier
artemin signaling via GFRa3 and Ret. Artemin signaling nor-
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mally guides sympathetic axons to peripheral target tissues
(Honma et al., 2002), which then supply trophic support to the
developing neuroblasts (Glebova and Ginty, 2005). Failure to
navigate axons successfully to a target tissue will then result in loss
of cells by apoptosis. However, while this accounts for some of the
loss of sympathetic neurons in Ref-null mutants, it cannot ac-
count for the change in cell cycle length, which presumably only
affects neurons that are yet to extend an axon to a target tissue.
Our mathematical model suggests the change in cell cycle ac-
counts for approximately half of the change in numbers seen.

Our data and model suggest that TH ~/Sox10 " cells, the vast
majority of which are glial cells (Callahan et al., 2008), will not be
significantly affected by the loss of Ret. However, the relative
proportions of neuroblasts to glial cells are unchanged in the
Ret TOMTM ganglia, that is, the final number of glial cells is also
reduced. As glial cells do not express Ret (Callahan et al., 2008),
the effect of Ret deletion must be either on the NC-derived pro-
genitor cells, which express Ret at E9.5 (Pachnis et al., 1993),
before the separation of neuronal and glial lineages, or be indi-
rect, perhaps via the effect on neurons, which may regulate the
generation of glial cells through Lgi4 signaling (Nishino et al.,
2010).
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