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Abstract

To evaluate the potential for neuronal replacement following destruction of vagal afferent neurons,
we examined nodose ganglia following intraperitoneal capsaicin treatment of adult rats. Rats received
capsaicin or vehicle followed by a regimen of 5'-bromo-2'-deoxyuridine injections (BrdU) to reveal
DNA replication. Nodose ganglia were harvested at various times post-treatment and processed for
DAPI nuclear staining and immunofluorescence to estimate neuronal numbers and to determine
vanilloid receptor, cleaved caspase 3, TUNEL, BrdU, the neuron-selective marker PGP-9.5 and
neurofilament-M-immunoreactivity. Twenty-four hours after capsaicin approximately 40% of
nodose ganglion neurons expressed cleaved caspase 3-immunoreactivity and 16% revealed TUNEL
staining, indicating that primary sensory neurons are killed by the capsaicin treatment of adult rats.
The occurrence of neuronal death was confirmed by counts of DAPI-stained neuronal nuclei, which
revealed >50% reduction of nodose neuron number by 30 days post-capsaicin. However, by 60 days
post-capsaicin, the total numbers of neuronal nuclei in nodose ganglia from capsaicin-treated rats
were not different from controls, suggesting that new neurons had been added to the nodose ganglia.
Neuronal proliferation was confirmed by significant BrdU incorporation in nuclei of nodose ganglion
cells immunoreactive for the neuron-specific antigen PGP-9.5 revealed 30 and 60 days post-
capsaicin. Collectively, these observations suggest that in adult rats massive scale neurogenesis
occurs in nodose ganglia following capsaicin-induced neuronal destruction. The adult nodose
ganglion, therefore, provides a novel system for studying neural plasticity and adult neurogenesis
after peripheral injury of primary sensory neurons.
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Introduction

The occurrence of neurogenesis in adult mammals now is well established. Although, the
numbers of new neurons generated in adult mammalian nervous systems appear relatively
small, the rate at which new neurons appear is not constant but can be increased or decreased
in response to stress (Mirescu and Gould, 2006), activity (Bordey, 2006) drugs (Huang and
Herbert, 2006; Perera et al., 2007) or neuronal injury (Groves et al., 2003; Kokaia and Lindvall,
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2003; Zhang et al., 2006). Nevertheless, an increase in neurogenesis that results in addition to
or replacement of a large proportion of existing neurons has not been reported in adult
mammals, although it does occur in some non-mammalian vertebrates (Chapouton et al.,
2007).

In the experiments reported here, we tested the hypothesis that destruction of primary vagal
afferent neurons would trigger neuronal death and subsequent neurogenesis in the nodose
ganglia (NG) of adult rats. We utilized the neurotoxin capsaicin to selectively destroy
unmyelinated axons of small primary afferent neurons (Hiura, 2000). While direct examination
of the adult NG to assess capsaicin-induced destruction of NG perikarya has not previously
been reported, the vast majority of NG neurons express the capsaicin (vanilloid) receptor (VR1)
(Ichikawa and Sugimoto, 2003), and are capsaicin sensitive (Simasko and Ritter, 2003).
Moreover, capsaicin treatment of adult rats produces extensive degeneration of vagal afferent
axons and terminals (Ritter and Dinh, 1988). These observations, suggested to us that capsaicin
is likely to destroy the NG perikarya, thereby providing a system in which examine the effects
of large scale neuronal destruction on neurogenesis.

To assess capsaicin-induced neuronal death we monitored expression of cleaved caspase-3 and
TUNEL as indicators of apoptotic and necrotic destruction of NG neurons. We also confirmed
the extent of subsequent neuronal loss by counting neuronal nuclei at various times after
capsaicin treatment. We utilized bromodeoxyuridine (BrdU) incorporation as an indicator of
proliferating cells (Nowakowski et al., 1989) and identified NG cells as having a neuronal
phenotype according to the shape of their nuclei and their expression of protein gene product
(PGP) 9.5, a neuron-specific protein (Thompson et al., 1983) or neurofilament-M (NfM). To
determine whether neuronal phenotypes are altered following capsaicin treatment, we also
surveyed the expression of VR1 in NG neurons pre- and post-capsaicin.

We observed that capsaicin treatment of adult rats resulted in rapid degeneration and death of
NG neurons. We also observed that neuronal death was followed by an increase in neurogenesis
sufficient to restore NG neuronal numbers to near pre-capsaicin levels. Our results indicate
that the NG of capsaicin-treated animals constitutes a new system for studying neural plasticity
and adult neurogenesis after primary sensory neurons destruction.

Materials and Methods

Animals

Male Sprague-Dawley rats (6 weeks old, Simonsen Labs, Gilroy, CA) were individually
housed in a temperature-controlled vivarium with ad libitum access to food (Harlan Teklad F6
Rodent Diet W, Madison, WI) and water. Rats were maintained on a 12:12-h light-dark
schedule and were habituated to laboratory conditions for 7 days prior to capsaicin injections.
All animal procedures were approved by the Washington State University Institutional Animal
Care and Use Committee and conform to National Institutes of Health guidelines for the use
of vertebrate animals (publication No. 86-23, revised 1985).

Capsaicin treatment

Sixty-four rats were injected intraperitoneal with capsaicin (Sigma M2028). The total capsaicin
dose (125 mg/kg) was administered as a series of three injections (25, 50, 50 mg/kg) at an
injection volume of 1 ml/kg. All three injections were made within a 24-h period (0, 6, and 24
h respectively). Additionally, sixty-four rats were treated with the vehicle injections (10%
ethanol in 10% Tween-80 in 0.9% saline) at the same injection volumes and schedule. Rats
were given a subcutaneous injection of atropine sulfate (3 mg) twenty minutes before the first
capsaicin or vehicle injection. Rats were under general inhalation anesthesia during the
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capsaicin or vehicle treatment. Anesthesia was maintained with isoflurane in oxygen at the
end-tidal concentration 3.0% reduced after 5 min to 1.5%. Artificial ventilation was provided,
as required, during the 3 — 5 minute period of respiratory arrest that typically occurred after
the first capsaicin injection. The eye wipe response to mild corneal stimulation, a response
mediated by the capsaicin-sensitive trigeminal innervation of the cornea (Gamse et al., 1981),
was tested to screen the effectiveness of capsaicin treatment. Briefly, a drop of 1 % ammonium
hydroxide was placed on the corneal surface of one eye. All control rats immediately wipe the
stimulated eye about five times in the first 10 seconds post stimulation. None of the capsaicin-
treated rats exhibited any eye wipe response. Therefore, all eighty-four capsaicin-treated rats
were included in the study.

BrdU injections

Twenty four capsaicin-treated and twenty four vehicle-treated rats were used to determine the
effect of capsaicin treatment on NG BrdU incorporation. BrdU (Sigma-Aldrich, USA) was
dissolved in 0.9% NaCl (10 mg/ml). In brief, BrdU (50 mg/kg, 12 capsaicin and 12 vehicle-
treated rats) or saline (5 ml/kg, 12 capsaicin and 12 vehicle-treated rats) were injected
intraperitoneal 2 h after third capsaicin or vehicle injection and then every other day until
euthanasia and collection of tissues. On days 3, 30 and 60 after treatment, 4 capsaicin/BrdU,
4 vehicle/BrdU, 4 capsaicin/saline and 4 vehicle-/saline-injected rats respectively were
anesthetized and perfused transcardially with saline followed by 4% paraformaldehyde in
buffered saline (pH 7.4).

Tissue fixation and sectioning

Immediately following the perfusion, nodose ganglia were collected, post-fixed (4%
paraformaldehyde, 30 min), and immersed overnight in a cryoprotectant solution of 18%
sucrose in PBS and NaN3. The ganglia were cut longitudinally into 20-pum serial sections,
mounted in four series on glass slides (Superfrost Plus), with every fourth section on the same
slide. Generally this procedure yielded 28-32 20-um thick sections per ganglion, with each
slide containing 7—8 20-um sections with an interval of 60 microns between adjacent sections.
After drying on the slides, the sections were rehydrated and processed for DAPI staining and
detection of selected antigens.

Immunohistochemistry and DAPI staining

The slide-mounted sections were immersed for 15 min in a 0.1% sodium borohydride solution
to reduce auto fluorescence (Clancy and Cauller, 1998). Hydrochloric acid or citrate buffer
antigen retrieval methods were used in the study. Subsequently, the sections were incubated
overnight in a blocking solution consisting of 10% normal horse serum in Tris sodium
phosphate buffer (TPBS, pH 7.4). The blocking solution was washed from the tissues, and each
section was incubated for an appropriate period of time at room temperature in primary antisera
against VR1 (12h, 24 rats) or caspase 3 (cas-3; 12h, 16 rats). For double labeling (48 rats),
sections were incubated in mixture of primary antisera against BrdU and PGP-9.5 (48h) or
stained with In Situ Cell Death Detection Kit (TUNEL, Roche Applied Sciences, IN) and co-
labeled with primary antibody against neurofilament M (Nf-M). BrdU/PGP-9.5 staining
protocol was a combination of standard Labeled Streptavidin Biotin (LSAB) and standard
immunofluorescence (IF) methods. Steamer/citrate antigen retrieval method was used for BrdU
staining (Tang et al., 2007). Primary antibodies used in the study are listed and characterized
in table 1. Subsequently, the sections were incubated 2h at room temperature in an appropriate
secondary antibody for single staining or in an appropriate mixture of secondary antisera for
double staining (Alexa 488, Alexa 555, dilution 1:400, Invitrogen, CA; HRP Rabbit Anti-
Mouse IgG, dilution 1:400, Invitrogen, CA). Sections were counter-stained with DAPI
(Molecular Probes, Eugene, OR), to reveal neuronal and glia nuclei, then mounted in ProLong
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(Molecular Probes, Eugene, OR) to reduce photo-bleaching. Nodose ganglia from sixteen
capsaicin-treated rats and sixteen vehicle-treated rats were collected 3, 11, 30 or 60 days post
treatment (4 animals in each group respectively) and processed only for DAPI staining.

Controls of immunohistochemistry and DAPI staining

The primary antibodies used in the study were chosen based on the western blot confirmed
specificity by the supplier. Additionally, 20 um cryostat sections of the proximal duodenum
were used as positive controls for cas-3, TUNEL and BrdU labeling. Significant number of
epithelial cells nuclei was labeled with primary antibody against cas-3 or TUNEL kit. All the
duodenum sections from capsaicin/BrdU and vehicle/BrdU treated rats revealed significant
numbers of epithelial nuclei stained with primary antibody against BrdU while there was no
staining in capsaicin/saline and vehicle-/saline-injected rats. Negative controls for the single
and double immunohistochemistry trials were performed by omission of primary antibodies
in original reaction sequences. Separate sets of control sections were pre-incubated with the
immune serum plus the peptide antigen used to raise the antisera prior to application to the
tissue. Both of these control procedures eliminated immunostaining in the nodose ganglia and
duodenum for all of the antisera we used. Identification of TUNEL and BrdU labeled nuclei
was confirmed by the analysis of Z-stack/ApoTome images of TUNEL/NfM and BrdU/
PGP-9.5 captured on AxioPlan 2 and processed with AxioVision 4.6 software (Carl Zeiss
Vision, Oberkochen, Germany). X and Y sliders were placed on the positive nuclei and “cut
views” of the Z-stacks revealed TUNEL or BrdU stained nuclei surrounded by NfM or PGP-9.5
stained cytoplasm. DAPI labeled neuronal nuclear profiles were easily discriminated from glia
nuclei by virtue of their large size and spherical shape and one or two nucleoli shadows. Control
of DAPI staining was based on our previous study of NG neurons (Czaja et al., 2006).

Counting of nodose ganglion neurons

Images of the nodose ganglia were viewed and captured with a Zeiss Axioplan 2 imaging
photomicroscope equipped with a digital camera (Axio Cam MRc) and appropriate filters for
DAPI, CY3 and Alexa 488. With the aid of a computer, the captured images were evaluated
with the Axio Vision 4.6 Imaging system. For preparation of microscopic illustrations, Corel
Graphic Suite 11 was used only to adjust brightness and contrast and sharpness and to make
composite plates.

In order to determine the total number of neurons in the NG, we counted DAPI labeled neuronal
nuclear profiles under x 200 magnification in all of the sections for all series from a given
ganglion and numbers were corrected for split nuclei as previously described (Czaja et al.,
2006). The number of positive-stained neuronal profiles for particular antigen was counted
using Axio Vision 4.6 Imaging system in every third section of the ganglion to eliminate the
likelihood of counting the same neuron twice. Only neurons that exhibited a clear nuclear
shadow or nuclear profile were counted and the percentage of immunopositive cells was
calculated. Differences in cell number or expression of particular antigen immunoreactivity
were tested for statistical significance using repeated measures analysis of variance (ANOVA)
and Bonferroni’s post-hoc test. Data are expressed as means £SEM.

Electron microscopy

Four capsaicin-treated rats and four vehicle-treated rats underwent ultrastructural examination
of the vagi 180 days after capsaicin or vehicle treatment. Segments of cervical vagi from these
rats were processed for transmission electron microscopy according to the procedure of
Hulsebosch and Coggeshall (Hulsebosch and Coggeshall, 1982). Briefly, the rats were perfused
with buffered NacCl, followed by a solution containing 3% paraformaldehyde, 3%
glutaraldehyde and 0.1% picric acid in 0.1M caclodylate buffer (pH7.4). One-cm segments of
the left cervical vagi were collected, post-fixed in the same fixative overnight, and then placed
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in 1% osmic acid and 1.5% potassium ferricyanide in 0.1M cacodylate (pH 7.4) for an
additional 2h. After rinsing in 0.1M maleate buffer (pH5.2), the tissue was soaked overnight
in 0.5% uranyl acetate in maleate buffer, then dehydrated through a series of ethanols, and
embedded in araldite/epon. Thin sections were prepared with a diamond knife, placed on grids,
stained with 0.1% lead acetate and examined with a Zeiss transmission electron microscope.

There were no significant differences between the left and right NG in the expression of VR1-,
cas-3-, TUNEL-, BrdU-, PGP-9.5 and NfM-immunoreactivity for particular time points after
treatment. Additionally there were no significant differences in the immunoreactivity of studied
antigens between NG from rats collected at different time points after vehicle-treatment.
Therefore, the remaining results represent pooled data for both the left and the right NG and
for all post-vehicle time points. We found that 59.3% + 1.7% of the total population of NG
neurons in vehicle-treated rats expressed VR1 immunoreactivity, while in NG collected 3 days
after capsaicin treatment, only 10.8% + 0.5% of the total NG population expressed VR1
immunoreactivity (Fig. 1). However, NG collected 30 days after capsaicin treatment revealed
significantly higher VR1 immunoreactivity (46.8% + 2.4%) than NG collected 3 days post
capsaicin. There was no statistically significant difference between the proportions of VR1-IR
neurons in NG collected 30 and 60 days post capsaicin (46.8% * 2.4% vs. 49.4% + 0.9%).

Twenty-four hours post-capsaicin, a significant proportion of NG neurons (39.2% + 2.8%)
exhibited cleaved cas-3 immunoreactivity (cas-3-1R); whereas NG collected 30 and 60 days
post capsaicin as well as NG from vehicle-treated rats revealed only one to ten cas-3-IR neurons
per ganglion (0.1 £ 0.02%, 0.1 £+ 0.02%, and 0.1 + 0.02% respectively; Fig. 2). Significant
populations of TUNEL labeled nuclei of NfM-IR neurons were found 24h after capsaicin
treatment (16.1% + 3.2%; Fig. 3a—c) while very few labeled nuclei were found after vehicle
treatment or 30 and 60 days post-capsaicin (4.0 £ 0.9%, 1.7 £ 0.4%, and 2.9 + 0.8% respectively;
Fig. 3d-f). Significant number of BrdU-labeled cells expressing simultaneously PGP-9.5-IR
were found in NG collected 30 (9.2% + 1.3%) or 60 (11.9% + 0.4%) days after capsaicin
treatment (Fig. 4a—c). Very few BrdU-immunoreactive nuclei were present in PGP-9.5-IR cells
of the vehicle treated rats (0.4% + 0.2%) and in the NG from rats perfused 3 days after capsaicin
treatment (0.5% + 0.2%; Fig. 4d—f). No BrdU immunoreactive nuclei were ever observed in
the negative control sections obtained from rats that did not receive BrdU injections.

The total number of DAPI-stained neuronal nuclei in the left and right NG of vehicle-treated
rats did not differ at 3, 30 and 60 days post injection (Fig. 5). However, NG from capsaicin-
treated rats collected 3, 11 and 30 days post treatment contained significantly fewer DAPI-
labeled neuronal nuclei than those of vehicle-treated rats collected post injection at comparable
time points. The nadir of the decrease in the number of neuronal nuclei occurred at 30 days
post-capsaicin treatment (Fig. 5). However, by 60 days post-injection there was no difference
in neuronal numbers of the NG between the vehicle- and capsaicin-treated rats.

We have not yet attempted extensive quantitative analysis of transmission electron micrographs
of cervical vagi. Nevertheless, our electron microscopic examination of cross sections of
cervical vagi collected 180 days after either capsaicin or vehicle administration (Fig. 6)
revealed a striking change in axon morphology in capsaicin-treated rats. Specifically, the
diameters of unmyelinated axons in vagi from capsaicin-treated rats typically were much
smaller than in vehicle treated rats. This difference was due to the appearance of large numbers
of very fine neurite profiles in capsaicin-treated vagi, which were never observed in the vagi
of vehicle-treated rats. While vagi from both vehicle- and capsaicin-treated rats contained
typical unmyelinated axon profiles with diameters of 0.6 — 0.85 microns, the vagi from
capsaicin-treated rats also contained large numbers of much smaller profiles ranging in
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diameter from approximately 0.04 — 0.1 micron. Unmyelinated axon profiles of both vehicle-
and capsaicin-treated rats were surrounded by Schwan cell processes. However, while contacts
between distinct axon profiles in vehicle-treated vagi were rare, in capsaicin-treated vagi there
appeared to be many instances of adjacent axons in apparent contact with each other. Contacts
between adjacent axons seemed especially prevalent between very small diameter profiles,
suggesting that in capsaicin treated vagi Schwan cells may not envelope each axon individually,
as they do in vehicle-treated vagi. There was no apparent difference between vehicle and
capsaicin-treated rats with regard to the number and diameter of myelinated axons.

Discussion

Degeneration of primary afferent terminals has been reported in the central nervous system
following capsaicin treatment of neonatal and adult rats (Ritter and Dinh, 1992). Additionally,
capsaicin induces degeneration of peripheral afferents in skin, cornea, urinary bladder and gut
(Holzeretal., 1982; Fujitaetal., 1987; Hiura et al., 1999). Although there are numerous reports
of capsaicin-induced primary afferent terminal degeneration, there are only a few reports of
effects of capsaicin treatment on primary afferent perikarya, and without exception these have
involved capsaicin administration in neonates (Carobi, 1996; Szoke et al., 2002; Hiura et al.,
2002). We found that capsaicin administration to adult rats results in strong expression of
cleaved cas-3 immunoreactivity by NG neurons within 24h after treatment. Cleaved cas-3 is
expressed by neurons undergoing necrosis or apoptosis (Harwood et al., 2005). Additionally
capsaicin significantly increased TUNEL labeling in NG neuronal nuclei 24h after treatment.
The similar time course for the cas-3- and TUNEL-positive primary sensory neurons located
in dorsal root ganglia was previously reported in rats after neonatal capsaicin treatment (Jin et
al., 2005). Expression of cas-3 immunoreactivity and TUNEL staining were followed by a
reduction in the number of NG neuronal nuclei, confirming cell loss following capsaicin
treatment. Capsaicin treatment also reduced the number of NG neurons expressing VR1-IR.
VR1, known now as TRPV1, is a non-selective cation channel, that comprises the receptor for
capsaicin (Caterina et al., 1997). Capsaicin’s selective neurotoxicity is mediated by TRPV1
allowing excessive influx of calcium, which destroys mitochondria and results in neuronal
damage or death (Hiura, 2000). Hence, the decrease in VR1-IR we observed is consistent with
destruction of capsaicin-sensitive NG neurons. These observations reveal for the first time that
systemic capsaicin treatment in adult rats leads, not just to degeneration of vagal afferent axons
and terminals, but to destruction of NG neuronal perikarya as well.

The most intriguing outcome of our study was that decreases in numbers of NG neuronal nuclei
we observed were not persistent. In fact, by 60 days after capsaicin the numbers of neuronal
nuclei in NG of capsaicin-treated rats equaled or exceeded the numbers in control rats. These
results suggest that neurons that died following capsaicin treatment were rapidly replaced by
new neurons. Since capsaicin treatment decreased neuronal number by at least half and
produced an initial decrease in the number of VR1-IR neurons from 60% to 10%, our results
suggested that more than half of NG neurons, approximately 3500 neurons/ganglion, ultimately
were replaced by neurogenesis after capsaicin treatment.

Neurogenesis was confirmed by quantifying the incorporation of BrdU into neuronal nuclei.
In NG from control rats BrdU-IR was virtually absent. However, at time points between 3 and
60 days post capsaicin, BrdU-IR was detected in more than 10% of neuronal nuclei, indicating
that cells within the NG had reentered the S phase of the cell cycle and had proceeded to divide.
The fact that virtually all BrdU-IR cells were immunopositive for PGP-9.5, a neuron-specific
marker (Thompson et al., 1983) suggests that the newly generated NG cells were indeed
neuronal. There have been reports that BrdU sometimes is incorporated during DNA repair
prior to cell death (Palmer et al., 2000; Taupin, 2007). Incorporation of BrdU into dying neurons
is not consistent with our results because cas-3-IR and TUNEL-labeled neurons were not
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observed 30 and 60 days after capsaicin treatment while the number of neuronal nuclei actually
increased over a 60-day post-capsaicin period, and the proportion of BrdU-IR neurons
significantly increased in parallel to the increase in the number of neuronal nuclei. Only 10%
of NG neurons exhibited BrdU-IR, while the total number of ‘new’ neurons was estimated to
be about 50%. The apparent discrepancy between the increase in neuronal number and BrdU
incorporation is explained by the fact that BrdU incorporation is not stoichiometric. BrdU is
incorporated into DNA only during a brief period during cell division. Even though we
administered BrdU every other day, it would only be present for incorporation during a fraction
of each 48h period, and thus would be incorporated into DAN of just a fraction of cells dividing
(Nowakowski and Hayes, 2000; Abrous et al., 2005).

Like neuronal nuclear number, the number of neurons expressing VR1-IR decreased following
capsaicin treatment. However, both the decrease in VR1-IR and its return to near control levels
developed more rapidly than the decrease and subsequent increase of neuronal nuclear
numbers. Therefore, we suspect that expression of VR1-IR might have been suppressed prior
to cell death in capsaicin-sensitive NG neurons. In this regard it is interesting that Michael and
Priestley (Michael and Priestley, 1999) reported that VR1 mRNA expression was markedly
reduced in dorsal root ganglia between 4 and 7 days after axotomy. Capsaicin-induced
degeneration of primary afferent terminals and axons occurs within 12 to 24h of capsaicin
treatment (Ritter and Dinh, 1988), while our data suggests that death of the neuronal cell bodies
in the NG occurs over several weeks. Therefore, it is likely that capsaicin-induced axonal
degeneration suppresses VR1 expression prior to the cell death in a manner similar to that of
axotomy in DRG neurons.

We also observed that the proportion of NG neurons expressing VR1-IR increased between
three and thirty days post capsaicin and that both the percentage and total number of VR1-IR
NG neurons was near control levels by 60 days after injection. It is possible that this increase
reflects VR1 expression by new neurons being produced in the NG. However, an additional
explanation is that the increase in VR1 expression may have been induced in capsaicin-resistant
neurons that were VR1-immunonegative prior to capsaicin treatment. In support of this
interpretation, it is interesting that Rashid and colleagues (Rashid et al., 2003) found that while
VR1-IR was not expressed in myelinated dorsal root ganglion neurons of control rats,
expression of VR1 was induced in myelinated DRG neurons two weeks after capsaicin
treatment. Our present data does not allow us to determine the degree to which these two
mechanisms may contribute to the expression of VR1 in our system.

The only previous quantification of capsaicin-induced destruction of NG neurons (Carobi,
1996) reported that adult rats injected with capsaicin as neonates sustained a 70% reduction in
total NG neuronal number compared to untreated controls. Taken together with our results,
these data suggest that the adult NG reveal quantitatively comparable capsaicin-induced
damage to the NG of neonates. In contrast to our results, however, Carobi (1996) found no
restoration of neuronal number between the time of neonatal capsaicin treatment (2 days
postnatal) and adulthood. Our finding that NG neuronal number is restored to control levels
within 60 days after capsaicin treatment of adult rats suggests that the adult rat retains precursor
cells capable of replacing lost neurons by a process involving DNA synthesis and cell division.
On the other hand Carobi’s results suggest that neonatal capsaicin treatment not only destroys
capsaicin-sensitive neurons, but also destroys the precursor cells that are capable of replacing
lost neurons. The source and phenotype of cells that restore NG neuronal number is not known.
Precursor cells might be present in the adult NG or differentiate from resident NG glia following
capsaicin treatment. Population of neurons expressing nestin, marker related to maturation of
neuronal precursors, was previously reported in trigeminal ganglion of adult rats (Lagares et
al., 2007). Additionally precursor cells with similar gene expression profiles to those, reported
in trigeminal ganglion, have also been shown in dorsal root ganglia in the adult rat (Li et al.,
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2007). Alternatively, it is conceivable that precursors migrate to the NG from other locations
and then differentiate into NG neurons. A third possibility is that some neurons of the adult
NG retain the potential to divide and generate new neurons. This potential might be enhanced
following capsaicin-induced damage. Induced division of neurons derived from the stem cells
in vitro has been previously reported (Lin et al., 2004).

Although NG neuronal number clearly is restored following capsaicin treatment in adults, there
is as yet no evidence that the new NG neurons establish connections with previously innervated
tissues. For example, Dinh and Ritter (Ritter and Dinh, 1988) demonstrated that adult rats
treated with capsaicin did not exhibit additional capsaicin-induced terminal degeneration in
the NTS when capsaicin was readministered 4.5 months after the first capsaicin treatment.
Their data suggest that new VR1-expressing neurons, which should have been present by this
time, had not reinnervated the hindbrain. Results of functional experiments also suggest that
reinnervation following systemic capsaicin treatment does not occur over a period of several
months following capsaicin treatment. For example, reduction of food intake and inhibition of
gastric emptying in response to injections of cholecystokinin are attenuated in rats treated with
capsaicin as adults, and these responses remain attenuated for at least 6 months following
capsaicin treatment (South and Ritter, 1988). Nevertheless, our ultrastructural examination of
vagal trunks reveal a subpopulation of very fine diameter neurites, present exclusively in vagi
of rats treated with capsaicin. We have not yet examined the time course over which these
neurites appear or the distance they travel from the NG. It is possible that these fine fibers
represent axonal sprouting from capsaicin-resistant afferents that survived capsaicin treatment.
However, it also is possible that they are processes from new neurons beginning to seek their
innervation targets. Determining the origin and developmental time course for these fibers will
require evaluating vagal samples over a more extended time period.

In summary, we find that systemic capsaicin treatment of adult rat results in the death of at
least 50% of vagal afferent neurons in NG. However, over a period of 30 to 60 days these
neurons are replaced through a process of neurogenesis, involving DNA replication and cell
division. To the best of our knowledge this is the first demonstration of induced postnatal
neurogenesis on such a large scale in a sensory ganglion, and therefore represents a new model
for studying adult neurogenesis. In addition, the recognition of high neurogenic capacity in a
primary afferent ganglion raises the possibility that appropriately stimulated cells might be
useful as autologous grafts to replace neurons lost through damage or disease.
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days after treatment

Decline and recovery of VR1-IR in NG after capsaicin treatment. Proportion of NG neurons
expressing VR1-IR + SEM (A; n=4 per time point per treatment). Immunofluorescence
revealed VR1-IR in small and medium size neurons in the NG ganglia of vehicle- (B1) and
capsaicin-treated rats (B2-3). However the proportion of VR1-IR neurons was decreased 3
days post-capsaicin (B2) but increased again by 30 days post-capsaicin (B3). Note, however,
that the total number of NG neurons in capsaicin treated rats, as estimated by counts of neuronal
nuclei (Fig. 5), was approximately 50% of the total for control. Therefore, the total number of
VR1-IR neurons did not approach control levels until 60 days after capsaicin. Scale bars = 50

pm.
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Fig. 2.

Caspase-3-IR in NG neurons 24h after systemic treatment with capsaicin or vehicle (A; n =4
per time point per treatment). Note the numerous cas-3-1R neurons in NG one day postcapsaicin
treatment (B2; arrows). Very few NG neurons were cas-3-IR at any time point in vehicle-

treated rats (B1) or capsaicin-treated rats 30 (B3) and 60 days post-treatment (arrows). Scale

bars = 50 pm.
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Fig. 3.

Double immunofluorescence staining for TUNEL (red) and NfM (green) in the NG sections
from capsaicin (A-C) and vehicle (D-F) treated rats. TUNEL positive glia cells were present
in both the capsaicin (A) and vehicle (D) treated rats indicating physiological turnover
previously reported in dorsal root ganglia after axotomy (McKay et al., 2002). ApoTome
images showing examples of TUNEL labeled nuclei (A, C) from NfM immunoreactive neuron
(B, C) inthe plane X-Y (arrowhead). Optical planes, X-Z (top margin) and Y-Z (right margin),
show the depth of this neuron (arrowheads). TUNEL-labeled nuclei were surrounded by NfM-
immunoreactive cytoplasm in all three dimensions what indicates that dual labeled perikarya
(arrowheads) of NG neurons were undergoing cell death (C, merged image). Images D—F show
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the example of TUNEL-negative (D) and NfM-immunoreactive (E) neuron that is not dying
(arrowhead) from vehicle treated rat in all three planes (F, merged image). Scale bars = 50 um.
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Fig. 4.

Double labeled sections of the NG for BrdU incorporation (A, D) and neuron-selective marker
PGP-9.5 (B, E) from capsaicin (A—C) and vehicle (D-F) treated rats. Note that all BrdU-labeled
neurons (A, arrowheads) were simultaneously PGP-9.5 immunoreactive (B, arrowheads) in
capsaicin treated rats. Double labeling was confirmed on merged image analyzed in X-Y, X-
Z and Y-Z optical planes revealing BrdU labeled nucleus surrounded by PGP-9.5 positive
cytoplasm (C, arrowheads). Scale bars =50 pum.
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Fig. 5.

Total numbers of DAPI-labeled neuronal nuclei in the left (upper graph) and the right (lower
graph) NG from vehicle- and capsaicin-treated rats collected 3, 11, 30 and 60 days after
treatment (n = 4 per time point per treatment). Bars represent average neuronal number £ SEM.
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Fig. 6.

Transmission electron micrographs transverse sections of cervical vagus, 180 days after
systemic vehicle (A) or capsaicin injections (B). The majority of profiles are of medium and
small unmyelinated fibers. Note the presence of very small axon profiles (arrows) in the tissue
from the capsaicin-treated rat. These small profiles may be neurites extending from new
neurons. Such small profiles never were detected in vehicle injected rats. Asterisk indicates
myelinated fiber.
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