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Identification of a postnatal period of interdependent neurogenesis
and apoptosis in peripheral neurons
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ABSTRACT
During neurogenesis, excessive numbers of neurons are produced in
most regions of the central and peripheral nervous systems.
Nonessential neurons are eliminated by apoptosis, or programmed
cell death. This has been most thoroughly characterized in the
peripheral nervous system (PNS) where targets of innervation play a
key role in this process. As maturing neurons project axons towards
their targets of innervation, they become dependent upon these
targets for survival. Survival factors, also called neurotrophic factors,
are produced by targets, inhibit apoptosis cascades, and promote
further growth and differentiation. Because neurotrophic factors are
limited, as is target size, neurons that do not correctly and efficiently
innervate targets undergo apoptosis (Levi-Montalcini, 1987; Davies,
1996). Thus, excessive neurogenesis acts to ensure that sufficient
numbers of neurons are produced during development. In the
superior cervical ganglion (SCG), this process of neurogenesis and
subsequent apoptosis is reported to be complete by postnatal day 3-4
(P3-P4) in mice. Surprisingly, we observed significant numbers
of apoptotic neurons out to P14, and neurogenesis was still present
at P14 as well. In both the SCG and geniculate ganglion (GG),
postnatal neurogenesis was dependent on apoptosis because little
or no postnatal neurogenesis was observed in Bax-/- mice, in which
apoptosis is eliminated. These results indicate that both neurogenesis
and apoptosis continue to occur well after birth in peripheral ganglia, and
that neurogenesis depends on apoptosis, suggesting that neurogenesis
continues postnatally to replace neurons that are eliminated during
synaptic refinement.
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INTRODUCTION
During development of the nervous system, most populations
of neurons require neurotrophic factors supplied by targets of
innervation, assuring proper target engagement. While neurotrophic
factors ensure survival of innervating neurons, competition pathways
actively promote apoptosis of neurons that are not receiving sufficient
survival signals, narrowing the developmental time period of

programmed cell death to several days (Deppmann et al., 2008;
Singh et al., 2008). In peripheral ganglia such as the superior cervical
ganglia (SCG), dorsal root ganglia (DRG) and geniculate ganglia
(GG), neurogenesis occurs predominantly prenatally in mice and rats
and is thought to be complete postnatal day 3-4 (Holt et al., 2021;
Mendez-Maldonado et al., 2020). Programmed cell death occurs
several days later, perinatally, and is also reported to be complete
within the first postnatal week.

Nearly all studies that examined developmental apoptosis of
PNS ganglia used total cell counts to monitor the loss of neurons.
Similarly, proliferation in PNS ganglia has been determined
predominantly with earlier, less sensitive methods such as tritiated-
thymidine labeling of dividing cells (Hendry, 1977; Wright et al.,
1983; Brennan et al., 1999; Bertrand et al., 2008; Fagan et al., 1996).
Analysis of total neuron counts has the potential to be misleading if
neurogenesis is occurring at the same time that apoptosis is occurring.
For this reason we evaluated programmed cell death using cleaved
caspase-3 labeling, a faithful marker of the terminal stage of apoptosis
in the SCG (Wright et al., 2007; Deshmukh et al., 1996; Kristiansen
and Ham, 2014). We found that apoptosis occurred at a low level for
more than 2 weeks after birth and did not end perinatally. To examine
neurogenesis, we utilized EdU labeling that detects cell division
while more easily allowing for co-immunolabeling. This analysis
revealed a low level of neurogenesis that also occurred well into
postnatal age in both the SCG and the GG, indicating postnatal
neurogenesis is common to PNS populations that are derived
from both the neural crest and neurogenic placodes. Importantly,
both apoptosis and neurogenesis were eliminated in Bax-/- mice,
suggesting that neurogenesis requires apoptosis and that these two
events are linked.

RESULTS
Programmed cell death in the SCG continues well into
postnatal age
To identify the entire developmental period of apoptosis and
neurogenesis, we used more sensitive methods, cleaved-caspase-3
immunolabeling and 5-ethynyl-2′-deoxyuridine (EdU) labeling,
respectively. Apoptosis has been thoroughly examined in the
SCG, which has long been an eminent model for studies of
programmed cell death. While apoptosis was reported to cease by
P3-P4 in mice (Brennan et al., 1999; Bertrand et al., 2008; Fagan
et al., 1996; Deppmann et al., 2008), we examined apoptosis over a
larger range of postnatal ages. SCGs were dissected from mice at
E17.5 through adulthood, serially sectioned and immunolabeled for
cleaved caspase-3 (CC3). As expected, therewas a peak of apoptotic
cells at P0, and cell death rapidly declined thereafter (Fig. 1A,B).
There were apoptotic neurons detected as early as E17.5, but at
considerably lower levels than at P0. Interestingly, although the
number of apoptotic cells present in the SCG at postnatal ages after
P0 were lower, CC3+ neurons were present at P3, P7 and P14,
slowly declining to a minimum at P21 (Fig. 1A,B). The steadyReceived 29 September 2024; Accepted 4 October 2024
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decline in the number of apoptotic neurons from P3-P21 suggests
that this is not simply a low, basal level of CC3 staining (Fig. 1B).
To confirm that CC3+ cells were neurons, and not glial cells,
tyrosine hydroxylase (TH) was immunolabeled at the same time and
only cells that were both TH+ and CC3+ were reported as apoptotic
neurons (Fig. 1A,B). Because apoptosis in the SCG has not been
reported at these later ages, we also evaluated cell death by counting
the total number of TH+ neurons in the SCG. Consistent with what
has been reported previously (Deppmann et al., 2008; Brennan
et al., 1999; Bertrand et al., 2008), the number of neurons in the
SCG drops by almost 50% between P0 and P3, and there was no
further change detected at P7 by measuring total neuron numbers
(Fig. 1C).

Postnatal apoptosis in the SCG is BAX-dependent
Sympathetic neurons require NGF for survival during development,
and competition for target-derived NGF accounts for programmed
cell death observed perinatally (Levi-Montalcini, 1987; Davies,
1996). NGF withdrawal triggers the intrinsic apoptosis pathway that
leads to the activation of caspase-9, which in turn activates the
terminal caspase-3 (Deshmukh et al., 1996; Li et al., 1997; Zou et al.,
1997; Hao et al., 2005; Wright et al., 2007). The pro-apoptotic Bcl-2
family member Bax is required for this intrinsic pathway of cell death
in SCG neurons, and Bax-/- mice have dramatic reductions in
apoptosis in the SCG and other peripheral ganglia (Deckwerth et al.,
1996; Middleton and Davies, 2001;White et al., 1998). To determine
whether SCGs from Bax-/- mice had apoptosis in postnatal ages, we

Fig. 1. Programmed cell death in the SCG
continues into postnatal age. (A) Sections of SCGs
from mice that were E17.5 to adulthood (P60) were
immunolabeled for cleaved caspase-3 (CC3, green)
and nuclei (DAPI, blue). Scale bar: 50 µm.
(B) Quantification of the number of CC3+ neurons per
ganglion reveals that the number of apoptotic cells in
the SCG peaks at P0 and decreases thereafter. The
left graph shows the entire time-course and the right
graph shows only P7 to adulthood. (C) Total neuron
counts, as ascertained by counting all TH+ cells per
ganglion, was quantified from E19.5 to P7. Error bars
for all graphs are mean±s.e.m., and n=3 for all ages.
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examined SCGs at P0, P3 and P7 in Bax+/+ and Bax-/- mice. CC3
labeling revealed that there was no apoptosis observed at any age in
Bax-/- SCGs as compared toBax+/+ SCGs (Fig. 2A,B), demonstrating
that Bax is obligate for cell death at any age in the SCG.

Neurogenesis occurs postnatally in peripheral ganglia
Neurogenesis in the SCG has been reported to occur in mice and rats
prenatally, rapidly declining after birth (Fagan et al., 1996; Hendry,
1977; Mendez-Maldonado et al., 2020). Because these studies were
conducted using histologic methods that do not allow dual labeling
to identify which type of cell was generated (neurons or glia), we
utilized EdU labeling of dividing cells. To this end, postnatal mice
ranging from P3 to adulthood were given a single injection of EdU
(8 µg/gm bodyweight), and 48 h later the SCGs collected, serially
sectioned, and labelled for EdU and TH. The vast majority
of dividing cells in the SCG at postnatal ages did not express TH
and had elongated, bean-shaped nuclei, indicating they were glia
(Fig. 3A,B). There were, however, EdU+ cells that also expressed
TH, indicating the presence of newborn neurons. Newborn neurons
were observed at P3, P7 and P14, and neurogenesis was not
observed in SCGs from adult mice (P60, Fig. 3B). This surprising
observation raised the question of whether postnatal neurogenesis
occurs in other peripheral ganglia, or whether it is unique to
sympathetic neurons. Neurogenesis and apoptosis in the GG occurs
earlier than in the SCG, which is common for craniofacial ganglia
that are derived from neurogenic placodes (Stark, 2014; Quina et al.,
2012). Neurogenesis in the GG peaks at E10.5-11.5 in mice and
declines thereafter, and is thought to be finished well before birth

(Altman and Bayer, 1982). Programmed cell death in the GG occurs
in two waves, an early peak at E11.5 and a later peak at E14.5
(Conover et al., 1995; Liu et al., 1995; Patel and Krimm, 2012). We
injected micewith EdU at P3, P7 or P14 and examined neurogenesis
in GGs in the same manner that was done for the SCG. Interestingly,
EdU+ neurons were observed at P3 and P7, but were not observed at
P14, indicating that postnatal neurogenesis ends earlier in the GG
than in the SCG (Fig. 4A,C). EdU+ neurons were also β-Tubulin+,
indicating they are neurons that innervate the oral cavity or pinna,
the two targets of the GG (Fig. 4A,C).

While the number of neurons that are born postnatally in the SCG
from P3-P14 may seem low, EdU is unstable and rapidly degrades
upon injection, thus only labeling dividing cells for 6-12 h. Therefore,
if twice this number are born every day from P3-P14, this late born
population is between 770-1320 neurons, which is a significant
percentage of the SCG, given it only comprises between 6000-10,000
neurons in mice (Fig. 1C). Likewise, the numbers of GG neurons born
between P3-P7 are between 48-120 neurons in just this 4-day postnatal
period. Because there are only 1000-1200 sensory neurons in each
GG, postnatal neurogenesis produces a significant percentage of the
population, between 5-10% as a conservative estimation.

In other locations in the nervous system, newborn neurons often
rapidly undergo apoptosis. To determine whether these postnatally-
born neurons persist for longer than 48 h, P3 mice were injected
once with EdU, and the SCGs and GGs were collected either 2 days
later, as before, or 3-7 weeks later. There was an approximately 50%
decline in the number of EdU+ neurons remaining 3-7 weeks post
injection (Figs 3C, 4D). These data indicate that a significant

Fig. 2. Postnatal apoptosis in the SCG is
BAX-dependent. (A) SCGs from P0, P3 and P7 mice
were immunolabeled for CC3 in green. The SCGs
were from wild-type (WT) animals (Bax+/+ or Bax+/-,
top row) and Bax-/- mice (bottom row). Scale bar:
75 µm. (B) Quantification of the number of CC3+ cells
per ganglion in Bax+/+ and Bax+/- mice (WT, solid line)
and Bax-/- mice (dashed line) are shown at ages
P0-P7, revealing a dramatic loss of apoptosis at all
ages. Mean±s.e.m. is displayed for all quantifications,
and n=3-6 for all ages and genotypes.
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portion of these neurons either underwent apoptosis and were lost,
or continued to divide, thereby diluting the EdU label and causing
them disappear over continued cell divisions.

Postnatal neurogenesis depends on apoptosis
While neurogenesis has been thought to generally precede
programmed cell death, this postnatal neurogenesis in the SCG
is occurring simultaneously when other neurons are undergoing
apoptosis. This raises the possibility that this late wave of neurogenesis
may be dependent on, or related to, developmental apoptosis. To
evaluate this, Bax-/- mice were used to eliminate all apoptosis in the
SCG. Bax-/- and Bax+/+ mice were injected with EdU at P3, and after
48 h the SCGs and GGs were isolated and neurogenesis was evaluated
as before. Surprisingly, in both SCG and GG, there was a dramatic
decline in the number of EdU+ neurons (colabelled with TH or TUJ1,
Fig. 5). In the GG all postnatal neurogenesis was eliminated in Bax-/-

mice, and greater than 50% was lost in the SCG, indicating that
postnatal neurogenesis depends on apoptosis.

While essentially all SCG neurons are noradrenergic and express
TH, recent single cell RNA sequencing studies of sympathetic
ganglia suggest that there are at least five distinct subpopulations of
noradrenergic neurons and two populations of cholinergic neurons
(Zeisel et al., 2018; Mapps et al., 2022; Furlan et al., 2016). Their
specific physiologic function and targets of innervation not fully
resolved. To determine whether late-born neurons may represent a
specific subpopulation that is produced postnatally, we examined
whether EdU+ neurons expressed either RARRES or NPY, markers
of two SCG noradrenergic subpopulations. Immunolabeling for
NPY and RARRES revealed subsets of neurons that expressed
either marker, although expression increased postnatally, and
immunolabelling best labelled neurons at P14 (Fig. S1). When
co-labelling studies were performed, EdU+ cells that appeared
postnatally did not express RARRES or NPY (Fig. S1). In fact,
neither RARRES+ nor NPY+ cells underwent postnatal apoptosis
either (Fig. S1), indicating these populations are born and undergo
programmed cell death prior to P3.

Fig. 3. Neurogenesis occurs
postnatally in the SCG. (A) Sections
of SCGs were labelled with EdU
(green) and immunolabeled for TH
(magenta) from mice of ages P3 to
adult. Mice were injected with EdU at
the age indicated in each panel and
the SCGs were dissected 24 h later.
Scale bar: 75 µm. (B) EdU+ cells
were quantified and determined to be
either TH+ (neurons) or TH- (glia),
and these values were graphed as
EdU+/TH- cells (solid line) or EdU+/
TH+ cells (dashed line). The right
graph shows only EdU+/TH+
neurons. (C) Mice were injected with
EdU at P3 and the SCGs were
isolated from the mice at P5 or
7 weeks of age and analyzed as in
B. Data are represented as mean
±s.e.m. in all panels; n=3-8 mice for
each age and condition.
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DISCUSSION
The data presented here reveal a new period of neurogenesis and
apoptosis in the SCG, from P3 to P21. Unlike programmed cell
death during perinatal age, which is a rapid peak followed by a rapid
decline of apoptosis between E18.5 and P3, postnatal cell death

occurs at a low level over the course of three weeks. Likewise,
postnatal neurogenesis occurred at a low rate in both the SCG and
GG over the course of days to weeks at the same age period, and
likely accounts for between 5-20% of the total neuronal population
in these ganglia. Importantly, postnatal neurogenesis depended
upon apoptosis in these ganglia, suggesting that neurons produced
postnatally are in response to an “excessive” amount of apoptosis,
perhaps fine-tuning the final number of neurons necessary for circuit
function. This fundamentally changes the model of development of
peripheral ganglia from neurogenesis preceding cell death, and
apoptosis due to neurotrophic factor competition, to a model that now
includes a prolonged postnatal period of interdependent neurogenesis
and cell death that adjusts the final number of neurons.

These provocative data raise several questions. In the SCG, for
example, what subpopulation of sympathetic neurons are these late
born cells? Do they contribute to a specific subpopulation other than
RARRES+ and NPY+ neurons, or do they contribute to several
different subpopulations equally? Do these neurons project to a
specific target, or set of targets? One possibility is that these neurons
project to the targets farthest from the SCG, such as the pineal gland
or iris, which accounts for their later development at postnatal age. It
is also tempting to speculate that postnatal apoptosis represents the
elimination of some of these postnatal-born neurons that may be
produced in excess. Indeed, some of the EdU+ neurons appeared to
be undergoing apoptosis, consistent with this notion. Likewise, we
found that as much as 50% of the number of neurons labeled with
EDU one day after injection were lost within a few weeks, possibly
due to apoptosis.

The dependence of postnatal neurogenesis on apoptosis raises
interesting mechanistic questions. Presumably some aspect of the
programmed cell death pathway is being “sensed” by stem cells in
the ganglia, leading to heightened neurogenesis. This would explain
why postnatal neurogenesis ceases around the same developmental
age that PCD does. A direct demonstration of whether apoptosis of
SCG neurons modulates the level of postnatal neurogenesis would
be to increase the amount of cell death, perhaps by blocking NGF
with injections of function blocking antibodies, or by eliminating
neurons with sympathetic-selective toxins such as guanethidine or
6-hydroxy dopamine.When adult rats are administered guanethidine,
resulting in the elimination of 50% of SCG neurons, there was no
recovery in the number of TH+ neurons in the ganglion 3-6 months
later, indicating that the adult SCG is no longer capable of responding
to the loss of SCG neurons via neurogenesis (Walters et al., 2020).

Fig. 4. Neurogenesis occurs postnatally in the GG. Mice were injected with
EdU at P3, P7 or P14, as was done for analysis of the SCG, and the GG
were collected 48 h later. EdU labelling was performed in combination with
TUJ1 labeling to identify neuronal cell bodies (A). (B) Either Bax+/+ and Bax-/-

mice were injected with EdU at P3, the ganglia collected 48 h later, and then
analyzed as in A. Yellow arrowheads in the merged images indicate newly-
born neurons that are both EDU+ and TUJ1+. (C) The number of EdU+
sensory neurons (TUJ+) in the GG were quantified at P3, P7 and P14.
(D) P3 mice were injected with EdU and the GGs isolated 2 days or
3-6 weeks later, and then analyzed as in A and B. Data are represented as
mean±s.e.m. in all panels; n=3-8 mice for each age and condition.

Fig. 5. Postnatal neurogenesis depends on apoptosis. P3 Bax+/+ (WT)
and Bax-/- mice were injected with EdU and 48 h later the SCG and GG
were isolated. EdU labeling was imaged from sections of these ganglia and
quantified in combination with TH for SCG neurons (panel A) and TUJ1 for
GG neurons (panel B). Data are mean±s.e.m. and n=4-6 mice were
analyzed of each genotype. Quite remarkably, both in the SCG and GG,
there was a significant loss of EdU+ neurons in Bax-/- mice as compared to
Bax+/+ mice, indicating that postnatal neurogenesis depends on neuronal
apoptosis.
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This suggests that the process of apoptosis and neurogenesis in early
postnatal mice is likely to be a purely developmental event. Finally,
because postnatal neurogenesis was observed in both SCG andGG, it
is possible that this is a common phenomenon among neural crest-
derived and placode-derived peripheral ganglia, suggesting that
postnatal neurogenesis contributes to sensory, autonomic and perhaps
even motor circuits.

MATERIALS AND METHODS
Materials availability
All materials and software are commercially available, as described herein.
For access to data or images please email the corresponding author.

Animals
Experiments were conducted in compliance with the American Association
for Accreditation of Laboratory Animal Care (AAALAC) and the
Institutional Animal Care and Use Committee (IACUC) of Indiana
University School of Medicine. For the developmental cell death
experiments, C57BL/6J (Jackson Laboratories, Stock #000664) mice were
used for all ages. The ages used were embryonic day 17.5 (E17.5),
embryonic day 18.5 (E18.5), embryonic day 19.5 (E19.5), postnatal day 0
(P0), postnatal day 3 (P3), postnatal day 7 (P7), postnatal day 14 (P14),
postnatal day 21 (P21) and adult (P60). For the postnatal apoptosis
experiments both Bax-/- and WT (Bax+/- or Bax+/+) (Jackson Laboratories,
Stock #002994) mice were used at P0, P3 and P7. The production of Bax-/-

mice was accomplished by breeding Bax+/- male and female mice together,
and genotyping was performed on all offspring using the primers and
protocol provided by the Jackson Laboratory. In the C57Blk/6Jstrain, male
Bax-/- mice are infertile and female Bax-/- mice do not produce regular litters,
necessitating heterozygous matings. Frequently the SCGs in Bax-/- mice
are misshapen, tending to be elongated and thinner that the typical
ovoid shape of SCG. It is clear visually that the overall volume is larger,
indicative of the presence of more neurons. For EdU labeling experiments,
C57BL/6J mice were used at ages P3, P5, P7, P14, and adult, as well
as Bax-/- and WT (Bax+/- or Bax+/+) mice at age P3. Mice used for the
subtype labeling experiments were also C57BL/6J used at ages P3, P7,
and P14.

Immunolabeling
Mice were euthanized and SCG were dissected. Immediately following
dissection, SCG were post fixed in 4% paraformaldehyde (Electron
Microscopy Services) in 1× phosphate buffered saline (PBS) for 1 h, then
cryopreserved in a 30% sucrose solution at 4°C overnight. The next day SCG
were mounted and frozen in O.C.T. compound (Sakura Finertek USA) All
SCG were serially sectioned at 7 µm on a cryostat (CM1950; Leica
Biosystems) and collected on precleaned slides (Superplus frost,
Thermo Fisher Scientific). For experiments involving GG 20 μm sections
of the ganglia were used. Mice that had both GG and SCG dissected for EdU
experiments were transcardially perfused with 4% paraformaldehyde in PBS
before dissection. Both SCG and GG sections were washed in PBS for
10 min, and then incubated in a blocking solution containing 5% normal
donkey serum (Jackson ImmunoResearch), 0.5% bovine serum albumin
(Sigma-Aldrich), mouse-on-mouse blocking reagent (Vector Laboratories)
and 0.3% Triton X-100 (Fisher BioReagents) in 1× PBS for 1 h at room
temperature. After blocking, tissue sections were incubated with primary
antibodies at their respective concentrations in the blocking solution just
described at 4°C overnight. The following day sections were washed four
times for 10 min each in 0.3%Triton X-100 in PBS. Tissue sectionswere then
incubated with secondary antibodies for 2 h in the dark at room temperature.
The sections were washed three times for 10 min with 0.3% Triton X-100 in
PBS, then washed a final time with PBS. Slides were coverslipped using
DAPI Fluoromount-G (Southern Biotechnology Associates). The following
primary antibodies were used for the experiments in the SCG: Rabbit anti-
CC3 (Cleaved caspase-3, 1:300, catalog no. 9661S, RRID: AB_2341188),
Sheep anti-tyrosine hydroxylase (1:200, catalog no. AB1542, RRID:
AB_90755), goat anti-RARRES1 (retinoic acid receptor responder 1,
1:200, catalog no. AF4657SP, RRID: AB_2284796), sheep anti-NPY

(neuropeptide Y, 1:200, catalog no. AB6173, RRID: AB_305341). For
immunolabeling of the GG the, we used mouse anti-TUJ1 (βIII-tubulin;
1:200, catalog no. T8578, RRID: AB_1841228) as a marker for all neurons in
the ganglion. All secondary antibodies were used at 1:200 dilutions (Biotium,
donkey CF488, CF543, and CF633).

EdU injections and labeling
All reagents for injection of EdU and detection in tissue are provided in the
Click-iT™ EdU Alexa Fluor™488 Imaging kit (Invitrogen, catalog no.
C10337). Mice were given a single intraperitoneal injection with EdU at a
dose of 8 µg/gm bodyweight. The EdU was prepared according to the
manufacturer’s instructions just prior to injection. After 48 h the mice were
euthanized, and the SCG andGGwere dissected and sectioned as previously
described. Both SCG and GG sections were co-labeled for EdU and their
respective cell markers. Just prior to beginning immunolabeling, reagents
used in the Click-iT™ Reaction Cocktail were prepared. SCG and GG
sections were washed once with PBS for 10 min, once with 3% bovine
serum albumin (Sigma-Aldrich) in PBS for 10 min, and then once with
0.3% Triton X-100 in PBS. Following these washes the slides were washed
again twice for 10 min each using with 3% bovine serum albumin in PBS.
While sections were incubating in BSA, the Click-iT™ Reaction Cocktail
was prepared with the previously made reagents, as per kit instructions.
Sections were then incubated with the Click-iT™ Reaction Cocktail for
30 min in the dark at room temperature. Following incubation, sections were
washed oncewith 3% bovine serum albumin in PBS for 10 min. Slides were
then incubated with the other antibodies of interest in their normal blocking
solution as previously described at 4°C overnight. Incubation with the
secondary antibodies was performed as previously described. All incubation
steps of the immunolabelling that occurred after EdU labelling were kept in
the dark.

Image collection
SCG Images were acquired with an SP8 Lightning confocal microscope
(Leica Microsystems) using LAS-X software. All SCG and GG images were
taken at 20× as z-stacks at a resolution of 1024×1024, with an optical step
size of 1 μm. SCG sections that were larger than microscope field of view
were captured in multiple images using the tiling function of the
microscope, and maximum projection images were merged together using
the “mosaic merge” feature in LAS-X. Maximum projection of the z-stacks
were used for all SCG quantifications and, when applicable, merged images
were used for GG quantifications. All images were collected by an observer
that was naïve to the genotype and age of the tissues being imaged.

Quantification of cleaved caspase 3+ (CC3) cells
SCGs were immunostained for CC3 and TH, and then imaged as described
above. The ImageJ (NIH) cell counter tool was used to count cells in each
image. Each section on the slide was counted to obtain the total number of
CC3+ cells. Cells that had robust expression of CC3 and pyknotic nuclei
were counted as CC3+. The sum of all sections was calculated to determine
the total number of CC3+ cells in the entire ganglion. One SCG per animal
was quantified.

Quantification of TH+ and EdU+/TH+ cells
Each section of the slide was counted using the ImageJ cell counter tool to
determine the total number of TH+ cells, which was robustly expressed in
the cell body of nearly all neurons in the SCG. The sum of all sections was
calculated to give an estimate of the total number of TH+ neurons in the
SCG. For the measurement of EdU and TH double positive neurons, each
section of the slide was again counted using the ImageJ cell counter tool.
Cells that expressed both TH and EdUwere determined, and the counts from
all of the sections were summated to determine the total number of EdU+/
TH+ cells in the entire ganglia. One SCG per animal was quantified.

Quantification of EdU+/TUJ1+ cells in the GG
GG were immunolabeled for EdU and TUJ1 as described above. Each
section was counted for total number of cells expressing both EdU and
TUJ1, and the sum of all the sections per ganglia was calculated to
determine the total number of EdU+/TUJ1+ cells in each GG.
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Statistical analyses
All statistical analyses were performed in Prism 9 software (GraphPad).
Before analysis, data were evaluated for normal distribution using the
Shapiro–Wilk test and were determined to be normally distributed at
P<0.05. For all analyses we used Welch’s t-tests and one-way or two-way
ANOVAs, and significant differences were identified by Tukey post-hoc
tests for ANOVAs. All graphs and error bars shown represent the mean±
standard error of mean (s.e.m.), and the indicated extent of significance is
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

Acknowledgements
We thank Amol Shah and Tao Tang for technical support of these experiments. This
research was funded by National Institutes of Health grant R01 NS089585 from the
National Institute of Neurological Disorders and Stroke.

Competing interests
The authors declare no competing or financial interests.

Author Contributions
Conceptualization: B.A.P.; Methodology: C.L.K., D.D.B., L.B.S.; Validation: C.L.K.,
D.D.B.; Formal analysis: C.L.K., D.D.B.; Investigation: C.L.K., D.D.B., L.B.S., B.A.P.;
Resources: C.L.K., D.D.B., B.A.P.; Data curation: C.L.K., D.D.B., L.B.S.; Writing -
original draft: B.A.P.; Writing - review & editing: C.L.K., D.D.B., B.A.P.; Visualization:
C.L.K., D.D.B.; Supervision: B.A.P.; Project administration: B.A.P.; Funding
acquisition: B.A.P.

Funding
Funding was provided by the National Institutes of Health [NS089585 and
DE007057]. Open Access funding provided by Indiana University School of
Medicine. Deposited in PMC for immediate release.

Data availability
All relevant data can be found within the article and its supplementary information.

References
Altman, J. and Bayer, S. A. (1982). Development of the cranial nerve ganglia and
related nuclei in the rat. Adv. Anat. Embryol. Cell Biol. 74, 1-90. doi:10.1007/978-
3-642-68479-1_1

Bertrand, M. J., Kenchappa, R. S., Andrieu, D., Leclercq-Smekens, M., Nguyen,
H. N., Carter, B. D., Muscatelli, F., Barker, P. A. and De Backer, O. (2008).
NRAGE, a p75NTR adaptor protein, is required for developmental apoptosis in
vivo. Cell Death Differ. 15, 1921-1929. doi:10.1038/cdd.2008.127

Brennan, C., Rivas-Plata, K. and Landis, S. C. (1999). The p75 neurotrophin
receptor influences NT-3 responsiveness of sympathetic neurons in vivo. Nat.
Neuro. 2, 699-705. doi:10.1038/11158

Conover, J. C., Erickson, J. T., Katz, D. M., Bianchi, L. M., Poueymirou, W. T.,
Mcclain, J., Pan, L., Helgren, M., Ip, N. Y., Boland, P. et al. (1995). Neuronal
deficits, not involving motor neurons, in mice lacking BDNF and/or NT4. Nature
375, 235-238. doi:10.1038/375235a0

Davies, A. M. (1996). The neurotrophic hypothesis: where does it stand? Philos.
Trans. R. Soc. Lond. B Biol. Sci. 351, 389-394. doi:10.1098/rstb.1996.0033

Deckwerth, T. L., Elliott, J. L., Knudson, C. M., Johnson, E. M., Snider, W. D. and
Korsmeyer, S. J. (1996). BAX is required for neuronal death after trophic factor
deprivation and during development. Neuron 17, 401-411. doi:10.1016/S0896-
6273(00)80173-7

Deppmann, C. D., Mihalas, S., Sharma, N., Lonze, B. E., Niebur, E. and Ginty,
D. D. (2008). A model for neuronal competition during development. Science 320,
369-373. doi:10.1126/science.1152677

Deshmukh, M., Vasilakos, J., Deckwerth, T. L., Lampe, P. A., Shivers, B. D. and
Johnson, J. E. M. (1996). Genetic and metabolic status of NGF-deprived
sympathetic neurons saved by an inhibitor of ICE family proteases. J. Cell Biol.
135, 1341-1354. doi:10.1083/jcb.135.5.1341

Fagan, A. M., Zhang, H., Landis, S., Smeyne, R. J., Silos-Santiago, I.
and Barbacid, M. (1996). TrkA, but not TrkC, receptors are essential for the
survival of sympathetic neurons in vivo. J. Neurosci. 16, 6208-6218. doi:10.1523/
JNEUROSCI.16-19-06208.1996

Furlan, A., La Manno, G., Lubke, M., Haring, M., Abdo, H., Hochgerner, H.,
Kupari, J., Usoskin, D., Airaksinen, M. S., Oliver, G. et al. (2016). Visceral
motor neuron diversity delineates a cellular basis for nipple- and pilo-erection
muscle control. Nat. Neurosci. 19, 1331-1340. doi:10.1038/nn.4376

Hao, Z., Duncan, G. S., Chang, C. C., Elia, A., Fang, M., Wakeham, A., Okada, H.,
Calzascia, T., Jang, Y., You-Ten, A. et al. (2005). Specific ablation of the apoptotic
functions of cytochrome C reveals a differential requirement for cytochrome C and
Apaf-1 in apoptosis. Cell 121, 579-591. doi:10.1016/j.cell.2005.03.016

Hendry, I. A. (1977). Cell division in the developing sympathetic nervoys system.
J. Neurocyt. 6, 299-309. doi:10.1007/BF01175193

Holt, E., Stanton-Turcotte, D. and Iulianella, A. (2021). Development of the
vertebrate trunk sensory system: origins, specification, axon guidance, and central
connectivity.Neuroscience 458, 229-243. doi:10.1016/j.neuroscience.2020.12.037

Kristiansen, M. and Ham, J. (2014). Programmed cell death during neuronal
development: the sympathetic neuron model. Cell Death Differ. 21, 1025-1035.
doi:10.1038/cdd.2014.47

Levi-Montalcini, R. (1987). The nerve growth factor 35 years later. Science 237,
1154-1162. doi:10.1126/science.3306916

Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S. M., Ahmad, M., Alnemri, E. S.
and Wang, X. (1997). Cytochrome C and dATP-dependent formation of Apaf-1/
caspase-9 complex initiates an apoptotic protease cascade. Cell 91, 479-489.
doi:10.1016/S0092-8674(00)80434-1

Liu, X., Ernfors, P., Wu, H. and Jaenisch, R. (1995). Sensory but not motor neuron
deficits inmice lackingNT4andBDNF.Nature 375, 238-241. doi:10.1038/375238a0

Mapps, A. A., Thomsen, M. B., Boehm, E., Zhao, H., Hattar, S. and Kuruvilla, R.
(2022). Diversity of satellite glia in sympathetic and sensory ganglia. Cell Rep. 38,
110328. doi:10.1016/j.celrep.2022.110328

Mendez-Maldonado, K., Vega-Lopez, G. A., Aybar, M. J. and Velasco, I. (2020).
neurogenesis from neural crest cells: molecular mechanisms in the formation of
cranial nerves and ganglia. Front. Cell Dev. Biol. 8, 635. doi:10.3389/fcell.2020.
00635

Middleton, G. and Davies, A. M. (2001). Populations of NGF-dependent neurones
differ in their requirement for BAX to undergo apoptosis in the absence of NGF/TrkA
signalling in vivo. Development 128, 4715-4728. doi:10.1242/dev.128.23.4715

Patel, A. V. and Krimm, R. F. (2012). Neurotrophin-4 regulates the survival of
gustatory neurons earlier in development using a different mechanism than brain-
derived neurotrophic factor. Dev. Biol. 365, 50-60. doi:10.1016/j.ydbio.2012.02.
008

Quina, L. A., Tempest, L., Hsu, Y. W., Cox, T. C. and Turner, E. E. (2012). Hmx1 is
required for the normal development of somatosensory neurons in the geniculate
ganglion. Dev. Biol. 365, 152-163. doi:10.1016/j.ydbio.2012.02.022

Singh, K. K., Park, K. J., Hong, E. J., Kramer, B. M., Greenberg, M. E., Kaplan,
D. R. and Miller, F. D. (2008). Developmental axon pruning mediated by BDNF-
p75NTR-dependent axon degeneration. Nat. Neurosci. 11, 649-658. doi:10.1038/
nn.2114

Stark, M. R. (2014). Vertebrate neurogenic placode development: historical
highlights that have shaped our current understanding. Dev. Dyn. 243,
1167-1175. doi:10.1002/dvdy.24152

Walters, K. M., Boucher, M., Boucher, G. G., Opsahl, A. C., Mouton, P. R., Liu,
C. N., Ritenour, C. R., Kawabe, T. T., Pryski, H. N. and Somps, C. J. (2020).
No evidence of neurogenesis in adult rat sympathetic ganglia following
guanethidine-induced neuronal loss. Toxicol. Pathol. 48, 228-237. doi:10.
1177/0192623319843052

White, F. A., Keller-Peck, C. R., Knudson, M., Korsmeyer, S. J. and Snider,W. D.
(1998). Widespread elimination of naturally occurring neuronal death in Bax-
deficient mice. J. Neurosci. 18, 1428-1439. doi:10.1523/JNEUROSCI.18-04-
01428.1998

Wright, K. M., Vaughn, A. E. and Deshmukh, M. (2007). Apoptosome dependent
caspase-3 activation pathway is non-redundant and necessary for apoptosis in
sympathetic neurons. Cell Death Differ. 14, 625-633. doi:10.1038/sj.cdd.4402024

Wright, L. L., Cunningham, T. J. and Smolen, A. J. (1983). Developmental neuron
death in the rat superior cervical sympathetic ganglion: cell counts and
ultrastructure. J. Neurocyt. 12, 727-738. doi:10.1007/BF01258147

Zeisel, A., Hochgerner, H., Lonnerberg, P., Johnsson, A., Memic, F., Van Der
Zwan, J., Haring, M., Braun, E., Borm, L. E., La Manno, G. et al. (2018).
Molecular architecture of the mouse nervous system. Cell 174, 999-1014.e22.
doi:10.1016/j.cell.2018.06.021

Zou, H., Henzel, W. J., Liu, X., Lutschg, A. and Wang, X. (1997). Apaf-1, a human
protein homologous to C. elegans CED-4, participates in cytochrome c-dependent
activation of caspase-3. Cell 90, 405-413. doi:10.1016/S0092-8674(00)80501-2

7

RESEARCH ARTICLE Biology Open (2024) 13, bio060541. doi:10.1242/bio.060541

B
io
lo
g
y
O
p
en

https://journals.biologists.com/bio/article-lookup/DOI/10.1242/bio.060541#supplementary-data
https://doi.org/10.1007/978-3-642-68479-1_1
https://doi.org/10.1007/978-3-642-68479-1_1
https://doi.org/10.1007/978-3-642-68479-1_1
https://doi.org/10.1038/cdd.2008.127
https://doi.org/10.1038/cdd.2008.127
https://doi.org/10.1038/cdd.2008.127
https://doi.org/10.1038/cdd.2008.127
https://doi.org/10.1038/11158
https://doi.org/10.1038/11158
https://doi.org/10.1038/11158
https://doi.org/10.1038/375235a0
https://doi.org/10.1038/375235a0
https://doi.org/10.1038/375235a0
https://doi.org/10.1038/375235a0
https://doi.org/10.1098/rstb.1996.0033
https://doi.org/10.1098/rstb.1996.0033
https://doi.org/10.1016/S0896-6273(00)80173-7
https://doi.org/10.1016/S0896-6273(00)80173-7
https://doi.org/10.1016/S0896-6273(00)80173-7
https://doi.org/10.1016/S0896-6273(00)80173-7
https://doi.org/10.1126/science.1152677
https://doi.org/10.1126/science.1152677
https://doi.org/10.1126/science.1152677
https://doi.org/10.1083/jcb.135.5.1341
https://doi.org/10.1083/jcb.135.5.1341
https://doi.org/10.1083/jcb.135.5.1341
https://doi.org/10.1083/jcb.135.5.1341
https://doi.org/10.1523/JNEUROSCI.16-19-06208.1996
https://doi.org/10.1523/JNEUROSCI.16-19-06208.1996
https://doi.org/10.1523/JNEUROSCI.16-19-06208.1996
https://doi.org/10.1523/JNEUROSCI.16-19-06208.1996
https://doi.org/10.1038/nn.4376
https://doi.org/10.1038/nn.4376
https://doi.org/10.1038/nn.4376
https://doi.org/10.1038/nn.4376
https://doi.org/10.1016/j.cell.2005.03.016
https://doi.org/10.1016/j.cell.2005.03.016
https://doi.org/10.1016/j.cell.2005.03.016
https://doi.org/10.1016/j.cell.2005.03.016
https://doi.org/10.1007/BF01175193
https://doi.org/10.1007/BF01175193
https://doi.org/10.1016/j.neuroscience.2020.12.037
https://doi.org/10.1016/j.neuroscience.2020.12.037
https://doi.org/10.1016/j.neuroscience.2020.12.037
https://doi.org/10.1038/cdd.2014.47
https://doi.org/10.1038/cdd.2014.47
https://doi.org/10.1038/cdd.2014.47
https://doi.org/10.1126/science.3306916
https://doi.org/10.1126/science.3306916
https://doi.org/10.1016/S0092-8674(00)80434-1
https://doi.org/10.1016/S0092-8674(00)80434-1
https://doi.org/10.1016/S0092-8674(00)80434-1
https://doi.org/10.1016/S0092-8674(00)80434-1
https://doi.org/10.1038/375238a0
https://doi.org/10.1038/375238a0
https://doi.org/10.1016/j.celrep.2022.110328
https://doi.org/10.1016/j.celrep.2022.110328
https://doi.org/10.1016/j.celrep.2022.110328
https://doi.org/10.3389/fcell.2020.00635
https://doi.org/10.3389/fcell.2020.00635
https://doi.org/10.3389/fcell.2020.00635
https://doi.org/10.3389/fcell.2020.00635
https://doi.org/10.1242/dev.128.23.4715
https://doi.org/10.1242/dev.128.23.4715
https://doi.org/10.1242/dev.128.23.4715
https://doi.org/10.1016/j.ydbio.2012.02.008
https://doi.org/10.1016/j.ydbio.2012.02.008
https://doi.org/10.1016/j.ydbio.2012.02.008
https://doi.org/10.1016/j.ydbio.2012.02.008
https://doi.org/10.1016/j.ydbio.2012.02.022
https://doi.org/10.1016/j.ydbio.2012.02.022
https://doi.org/10.1016/j.ydbio.2012.02.022
https://doi.org/10.1038/nn.2114
https://doi.org/10.1038/nn.2114
https://doi.org/10.1038/nn.2114
https://doi.org/10.1038/nn.2114
https://doi.org/10.1002/dvdy.24152
https://doi.org/10.1002/dvdy.24152
https://doi.org/10.1002/dvdy.24152
https://doi.org/10.1177/0192623319843052
https://doi.org/10.1177/0192623319843052
https://doi.org/10.1177/0192623319843052
https://doi.org/10.1177/0192623319843052
https://doi.org/10.1177/0192623319843052
https://doi.org/10.1523/JNEUROSCI.18-04-01428.1998
https://doi.org/10.1523/JNEUROSCI.18-04-01428.1998
https://doi.org/10.1523/JNEUROSCI.18-04-01428.1998
https://doi.org/10.1523/JNEUROSCI.18-04-01428.1998
https://doi.org/10.1038/sj.cdd.4402024
https://doi.org/10.1038/sj.cdd.4402024
https://doi.org/10.1038/sj.cdd.4402024
https://doi.org/10.1007/BF01258147
https://doi.org/10.1007/BF01258147
https://doi.org/10.1007/BF01258147
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/j.cell.2018.06.021
https://doi.org/10.1016/S0092-8674(00)80501-2
https://doi.org/10.1016/S0092-8674(00)80501-2
https://doi.org/10.1016/S0092-8674(00)80501-2


8

RESEARCH ARTICLE Biology Open (2024) 13, bio060541. doi:10.1242/bio.060541

B
io
lo
g
y
O
p
en


