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INTRODUCTION

Autonomic regulation of the urogenital organs is impaired by injuries sustained during pelvic
surgery or compression of lumbosacral spinal nerves (e.g., cauda equina syndrome). To
understand the impact of injury on both sympathetic and parasympathetic components of this
nerve supply, we performed an experimental surgical and immunohistochemical study on adult
male rats, where the structure of this complex part of the nervous system has been well defined.
We performed unilateral transection of pelvic or hypogastric nerves and analyzed relevant regions
of lumbar and sacral spinal cord, up to 4 weeks after injury. Expression of c-Jun, the neuronal
injury marker activating transcription factor3 (ATF-3), and choline acetyltransferase (ChAT) were
examined. We found little evidence for chemical or structural changes in substantial numbers
of functionally related but uninjured spinal neurons (e.g., in sacral preganglionic neurons after
hypogastric nerve injury), failing to support the concept of compensatory events. The effects
of injury were greatest in sacral cord, ipsilateral to pelvic nerve transection. Here, around half
of all preganglionic neurons expressed c-Jun within 1 week of injury, and substantial ATF3
expression also occurred, especially in neurons with complete loss of ChAT-immunoreactivity.
There did not appear to be any death of retrogradely labeled neurons, in contrast to axotomy
studies performed on other regions of spinal cord or sacral ventral root avulsion models. Each
of the effects we observed occurred in only a subpopulation of preganglionic neurons at that
spinal level, raising the possibility that distinct functional subgroups have different susceptibility
to trauma-induced degeneration and potentially different regenerative abilities. |dentification
of the cellular basis of these differences may provide insights into organ-specific strategies for
attenuating degeneration or promoting regeneration of these circuits after trauma.

Keywords: spinal cord injury, spinal nerves, cauda equina syndrome, inferior hypogastric plexus, micturition, regeneration,
sprouting

of one group of inputs to the pelvic ganglia and are more consist-

Parasympathetic preganglionic neurons in the sacral spinal cord
are essential for urogenital reflexes, including voiding (micturition
and defecation), penile erection, and stimulation of secretions from
the internal reproductive tract. Their axons project via the spinal
and then the pelvic nerves, therefore damage to the sacral cord or
these nerves causes major problems with urogenital control that
significantly impact on the health and quality of life (Fowler, 1999;
Orendacova et al., 2001; Podnar et al., 2006; Samson and Cardenas,
2007). Sacral preganglionic neurons release acetylcholine to excite
motor neurons in the pelvic ganglia, also known as the pelvic
plexus or, in humans, the inferior hypogastric plexus (Keast, 1999).
A separate population of pelvic ganglion neurons receive excitatory
cholinergic inputs from sympathetic preganglionic neurons in the
upper lumbar cord that project in the lumbar spinal nerves and then
the hypogastric nerve (Tabatai et al., 1986; Keast, 1995). Therefore,
this mixed autonomic ganglion contains highly targeted excitatory
inputs from spatially distinct regions of the spinal cord.
Following injury to either the pelvic or hypogastric nerves, the
complexity of pelvic autonomic circuitry leads to a number of very
interesting events that cannot be explained simply by a subtraction

ent with plasticity of spared nerves. For example, functional data
suggests that following pelvic nerve transection, uninjured lumbar
preganglionic axons grow collaterals to restore central innervation
to parasympathetic pelvic ganglion neurons that mediate penile
erection (Dail et al., 1989) and bladder contraction (de Groat and
Kawatani, 1989); conversely, after hypogastric nerve injury, pelvic
nerve activation causes contraction of the vas deferens, an outcome
originally mediated by sympathetic spinal nerves (Kihara et al.,
1996). There is also evidence for axon collateral growth within
pelvic ganglia following pelvic or hypogastric nerve injury (Dail
and Evan, 1978; Dail et al., 1997; Kepper and Keast, 1998). These
collaterals establish aberrant, long-lasting local connections that
may impair restoration of normal circuitry when preganglionic
axons regenerate (Kepper and Keast, 1998; Keast, 2004). The growth
of collaterals is associated with upregulation of the immediate early
gene, c-Jun (Nangle and Keast, 2009), commonly implicated in
injury and regenerative growth (Raivich et al., 2004), even though
in this particular case neurons have not been injured. Therefore,
c-Jun may provide a marker not only for axotomized neurons but
also, in some circumstances, for sprouting of uninjured neurons.
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The broad aim of our study was to examine how axotomy affects
sacral preganglionic neurons in adult rats during the period when
peripheral targets of these neurons are undergoing considerable
change (1—4 weeks following injury). Specifically, we have moni-
tored neurotransmitter synthesis [choline acetyltransferase (ChAT)
expression] and structure (soma size) to determine if the spinal
neurons are likely to retain their normal properties after injury.
We have also investigated immediate early gene expression [c-Jun
and activating transcription factor-3 (ATF-3)] to determine if
these are upregulated similarly to elsewhere in the injured nervous
system (Herdegen et al., 1997; Herdegen and Leah, 1998; Kenney
and Kocsis, 1998; Hai et al., 1999; Raivich, 2008). Moreover, given
the upregulation of c-Jun in sprouting, uninjured pelvic ganglion
neurons (Nangle and Keast, 2009), we considered that this strat-
egy may also reveal sprouting, uninjured preganglionic neurons
(e.g., in the lumbar spinal cord following sacral nerve injury, or
vice versa). We chose a unilateral, complete injury (transection of
pelvic or hypogastric nerves) to focus on changes that are more
likely to be directly related to injury than regeneration, which
we prevented by removal of a segment of nerve at the time of its
transection. Our experiments were performed in male Wistar rats,
in which the neuroanatomy of pelvic autonomic circuits has been
well defined and the pelvic autonomic ganglion neurons located in
large, paired major pelvic ganglia rather than a multi-ganglionated
plexus (Purinton et al., 1973; Keast, 1999). Numerous changes in
structure and gene expression occurred rapidly after injury, some
of which were sustained for 4 weeks but, surprisingly, these were
found in only a minority of injured preganglionic neurons. This
heterogeneity of response to injury may point to variable ability
of different types of spinal pathways to undergo regeneration or
respond to pro-regenerative therapies.

MATERIALS AND METHODS

SURGICAL PROCEDURES

All procedures were approved by the University of Sydney and Royal
North Shore Hospital animal ethics committees, as required by the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes (National Health and Medical Research Council
of Australia). Fifty-four adult male Wistar rats (9-12 weeks of age)
were used for these experiments, divided into three experimental
groups (neuronal counts, intensity analysis, soma size analysis); 23
for hypogastric nerve transection, 23 for pelvic nerve transection,
and 8 as naive controls. Animals were purchased from the Animal
Resources Centre (Murdoch, WA, Australia), and were housed in
groups of three, with environmental enrichment, under a 12-h
light—dark cycle with free access to food and water.

Seven days prior to nerve transection, each animal received an
intraperitoneal injection of approximately 300 pl of a 0.5% solu-
tion of FluoroGold (FG; Fluorochrome, Englewood, CO, USA) in
sterile saline. FG is a retrograde neuronal tracer used here to reli-
ably label sympathetic and parasympathetic preganglionic neurons
that project from the spinal cord into the abdomen (Anderson and
Edwards, 1994).

Surgical procedures were conducted under isoflurane anesthesia
(4% for induction, and 1.8-2% for maintenance, in O,). To study
the effects of axotomy on preganglionic neurons, the hypogastric
or pelvic nerves were unilaterally transected a short distance from

the major pelvic ganglion, and a 1-2 mm segment of nerve was
removed in each case to prevent regeneration. In each animal, the
contralateral side was sham operated using the same process to
visualize the pelvic ganglion and hypogastric or pelvic nerves, but
without nerve transection.

TISSUE PREPARATION

After performing nerve transection, the animals were allowed to
recover for either 7, 14, or 28 days before being reanesthetized with
sodium pentobarbitone (80-100 mg/kg, i.p.) and intracardially per-
fused with approximately 100 ml of a saline solution (containing 1%
sodium nitrite and 5000 IU/ml heparin), followed by approximately
500 ml of 4% paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.4 and overnight fixation in the same fixative. The dissected
cord was then washed in 0.1 M phosphate-buffered saline (PBS),
pH 7.2, and divided into segments containing the full extent of the
lumbar L1-L2, and sacral L6-S1 regions. The spinal cord segments
were marked to differentiate ipsilateral and contralateral sides and
incubated in 30% sucrose/0.1 M PBS overnight before embedding
in an inert mounting medium (OCT; Tissue-Tek, Sakura, Torrance,
CA, USA) and cryosectioning horizontally at a thickness of 40 pm.
Free-floating sections from a 1 in 4 series were subsequently proc-
essed for immunohistochemistry.

IMMUNOHISTOCHEMISTRY

For fluorescent double-labeling, free-floating sections were first
incubated in 0.1 M PBS pH 7.2 containing 10% normal horse serum
(NHS). Sections were then incubated for 48—72 h at room tempera-
ture with the following primary antisera combinations (antibody
properties described below): ATF-3 (1:500) with ChAT (1:500); or
ChAT with FG (1:2000). Each antibody combination was made up
in PBS containing 0.1% sodium azide, 2% NHS, and 0.5% Triton
X-100. After washes in PBS, sections were subsequently incubated
for 4 h at room temperature with donkey anti-rabbit Cy3 (1:1500)
and donkey anti-sheep AF488 (1:1000). After further washes in
PBS, sections were mounted onto 1% gelatine coated slides and
coverslipped with phosphate-buffered glycerol (pH 8.6).

For diaminobenzidine (DAB) processed sections, double-
labeling was performed on pairs of antigens that had localization in
separate cellular compartments, i.e., nuclear (c-Jun) or cytoplasmic
(ChAT or FG). The strategy was to first perform the processing for
the antigen located in the nucleus, using nickel intensification to
form a dark purple-black reaction product, then to complete the
labeling for the cytoplasmic marker, using standard DAB processing
to form a brown reaction product.

When the two primary antibodies of interest were raised in dif-
ferent host species, the following procedure was used. Free-floating
sections were incubated in a 50% ethanol/3% peroxidase solution
to quench endogenous peroxidase activity, before a 30-min incuba-
tion in 0.1 M PB pH 7.4 containing 5% NHS. Sections were then
incubated for 48-72 h at room temperature with a mixture of c-Jun
(1:25,000; host rabbit) and ChAT (1:500; host goat) in PB containing
0.1% sodium azide, 2% NHS and 0.2% Triton X-100. After washes
in PB, sections were subsequently incubated overnight at room tem-
perature with biotin-conjugated donkey anti-rabbit (1:1000). After
washing in PB, sections were incubated for 2 h in avidin-biotin
complex (Vectastain ABCkit; Vector Laboratories, Burlingame, CA,
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USA), washed in PB and 0.1 M acetate buffer pH 6.0, and incubated
for 15 min in DAB solution (0.2% p-glucose, 0.04% ammonium
chloride, and 0.025% DAB in acetate buffer). Development of the
reaction product was achieved by addition of 0.02% glucose oxidase,
and a black reaction product was obtained by adding 2% nickel sul-
fate to the DAB solution. The development of reaction product was
monitored by eye, and stopped by several washes in acetate buffer
before a final wash in PB. The second antigen (ChAT) was then
revealed by overnight incubation with biotin-conjugated donkey
anti-goat (1:1000) and processed as described above but omitting
nickel sulfate. After DAB processing, sections were mounted from
0.9% saline onto 1% gelatine coated slides, dried, and dehydrated
through an ascending series of ethanols, followed by histolene, and
coverslipped with DPX (Crown Scientific, Mulgrave, VIC, Australia).
The procedure was modified when labeling c-Jun with FG, as both
primary antisera were raised in the same species (rabbit). Here, the
primary antisera were not mixed together but instead the entire
procedure was completed for c-Jun staining alone (using nickel
intensification), before incubating sections with anti-FG (1:2000)
and completing the staining in the absence of nickel. Because FG is
never found in the nucleus and c-Jun-immunoreactivity is exclu-
sively nuclear, this allowed us to calculate the proportion of c-Jun-
positive retrogradely labeled neurons.

ANTIBODIES
Primary antibodies were obtained from the following sources (infor-
mation on specificity has been provided by the manufacturers):

+ Rabbit anti-c-Jun: polyclonal antibody generated against
amino acids 1-79 of human c-Jun (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA; sc-1694; batch F1203). Western
blot analysis reveals a band at ~43 kDa.

+ Rabbit anti-ATF-3 (C-19): affinity purified polyclonal anti-
body generated against an ATF-3 C-terminal peptide of
human origin (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA, USA; sc-188; batch J2209). Western blot analysis of RAW
264.7 whole cell lysate reveals a band at ~27 kDa.

+  Goat anti-ChAT: immunoaffinity purified polyclonal antibody
generated against the human placental enzyme (Millipore,
Temecula, CA, USA; AB144P; batch LV1450147). Western blot
analysis of NIH/3T3 lysates reveals a band at ~70 kDa, consi-
stent with the predicted weight of ChAT protein.

+ Rabbit anti-FG: polyclonal antibody generated against FG con-
jugated to bovine serum albumin (AbD Serotec, Kidlington,
UK; 4512-4018; batch A950308).

Secondary antisera were raised in donkey and obtained from the
following suppliers: anti-goat biotin-SP (Jackson Immunoresearch;
705-065-147; batch 51932), anti-rabbit biotin-SP (Jackson
Immunoresearch; 711-065-152; batch 73931), anti-rabbit Cy3
(Jackson Immunoresearch; 711-165-152; batch 69532), anti-sheep
AF488 (Invitrogen; A-11015; batch 84C1-1).

NEURONAL COUNTS

The prevalence of preganglionic neurons expressing each marker
were calculated as a proportion of all positively labeled nucleated
profiles of neurons within the entire extent of the intermediolateral

column (IML; L1-L2, and L6-S1) and the central autonomic area
(CAA; L1-L2). The following antibody combinations were assessed:
c-Jun with ChAT, ATF-3 with ChAT, FG with ChAT, and FG with
c-Jun. Double-labeled neurons with each marker were expressed
as a percentage of all neurons of that chemical class. The number
of sections available in a horizontal series was limited, therefore
for each combination of antibodies and injury type, allimmunola-
beled neurons within the lumbar IML/CAA and sacral IML were
recorded, averaging over 200 neurons per location/animal/injury.

INTENSITY ANALYSIS

To determine the relative intensity of ChAT immunostaining within
preganglionic neurons, monochrome 8-bit images were collected
at random along the IML within spinal levels L1-L2 and L6-S1
from sections processed either for fluorescent immunolabeling of
FG with ChAT, or ATE-3 with ChAT (acquired using an Olympus
BX51 microscope and RT Spot camera). Sections from the same
animal were imaged using the same camera settings and exposure
time. To ensure that bleaching of fluorophores did not influence
the intensity of immunolabeling, the sections were exposed for
the minimum length of time necessary and images for intensity
analysis were collected before any other measurements or neuronal
counts were performed. Intensity measurements were performed
using Image-Pro Plus (Version 7; Media Cybernetics, Carlsbad, CA,
USA) on images obtained using the 20X objective. Mean intensity
of a single 6 X 6 pixel area of interest (equivalent to 4.3 um?) was
measured within the brightest area of the cytoplasm of each neu-
ron, from which an average value for each animal was calculated.
Within the sacral IML, an average of 85 neurons per horizontal sec-
tion were analyzed in each animal; within the lumbar IML around
60 neurons were analyzed per section per animal. In total, within
the lumbar IML, 4226 neurons were analyzed in the nerve injury
groups, and 842 neurons in naive controls; within the sacral IML,
6535 neurons were analyzed in the nerve injury groups, and 1245
neurons in naive controls.

MEASUREMENTS OF NEURONAL SOMATA

To determine the size of ChAT-positive preganglionic somata,
monochrome 8-bit images were collected at random along the IML
within lumbar L1-L2 and sacral L6-S1 from sections processed for
DAB immunolabeling of c-Jun and ChAT (acquired using a Zeiss
Axioimager M1 and MRm camera). Images were spatially calibrated
from a reference image, and ChAT-positive neurons were traced
using Image-Pro Plus. From each horizontal section, approximately
65 neurons were measured in the lumbar IML, and 110 in the sacral
IML. In total, in the lumbar IML, 4035 neurons were measured in
the nerve injury groups, and 464 in naive controls; in the sacral
IML, 6844 neurons were measured in the nerve injury groups, and
908 in naive controls.

STATISTICS AND FIGURE PREPARATION

To detect neuronal changes ipsilateral to nerve injury (i.e., changes
in proportions of neurons expressing a marker, fluorescence inten-
sity or soma size), we performed a two-way ANOVA with repeated
measures, with side (ipsilateral or contralateral) as the within-
subject factor and time as the between-subject factor. Dunnett’s test
was performed to determine if there was an effect of injury on the
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contralateral side relative to naive controls. Numbers of FG-labeled
neurons in sacral spinal cord ipsi- and contralateral to injury were
compared using paired t-tests. The proportions of neurons express-
ing different markers were plotted as untransformed data but
statistical analyses were performed following arcsine-root trans-
formation. All statistical tests were performed using SPSS Statistics
v. 19 (Chicago, IL, USA). Results are expressed as mean + SEM and
P < 0.05 was regarded as statistically significant.

For figure production, grayscale images of fluorescent samples
were digitally colorized, and adjustments made where necessary
in contrast and brightness to best represent the immunostaining
as seen under the microscope (Adobe InDesign and Photoshop
CS5; Adobe Systems, San Jose, CA, USA). Color images of DAB
samples (acquired using an Olympus BX51 microscope and Zeiss
HRc camera) were similarly adjusted in contrast and brightness to
best represent the native immunostaining.

RESULTS

A SUBPOPULATION OF AXOTOMIZED PREGANGLIONIC NEURONS
UPREGULATED c-JUN EXPRESSION

To locate neurons extending processes from the spinal cord into
the abdomen, such as preganglionic neurons that innervate the
major pelvic ganglion, we used the fluorescent tracer, FG (Anderson
and Edwards, 1994). The distribution of retrogradely labeled
FG-positive preganglionic neurons was comparable to previous
descriptions in rat spinal cord (Figure 1; Hancock and Peveto,
1979a,b; Nadelhaft and Booth, 1984; Nadelhaft and McKenna, 1987;
Strack et al., 1988). In lumbar spinal cord (L1-L2), FG neurons
formed bilateral columns within the IML, and were also located
within the CAA, between the dorsal corticospinal tract and central
canal. The majority of sympathetic preganglionic neurons inner-
vating the pelvic ganglion are located in the CAA (Hancock and
Peveto, 1979b; Nadelhaft and McKenna, 1987; Strack et al., 1988),
therefore after cutting the hypogastric nerve, we predicted that
more axotomized neurons would be found here than the IML. In
sacral spinal cord (L6-S1), FG neurons were found only within
the IML, forming distinctive bilateral columns extending from the
L5-L6 border to the most caudal aspect of S1. All parasympathetic
preganglionic neurons innervating the pelvic ganglion are located
here and, conversely, all sacral IML neurons project to the pelvic
ganglion, therefore after cutting the pelvic nerve, we predicted that
axotomized neurons would only be found in this region.

In naive control rats, a low level of basal c-Jun expression was
evident within both sacral and lumbar preganglionic neurons, and
was restricted to neuronal nuclei. However, after nerve transec-
tion, a dramatic upregulation of c-Jun expression was detected
(Figure 1). Statistical analyses showed that there was a significant
main effect of side (P<0.001) and an interaction between side and
post-injury time (P = 0.034), but no effect of injury on the con-
tralateral side relative to naive controls (Figures 1A,C). The effect
of injury was strongest in sacral cord ipsilateral to the site of pelvic
nerve transection (Figures 1A—E), where approximately 55% of FG
neurons displayed upregulation of c-Jun expression 1 week after
injury. Two and 4 weeks after injury, the proportion of FG neurons
expressing c-Jun was reduced to approximately 30% (Figure 1A).
No upregulation of c-Jun above basal levels in sacral cord was
detected after hypogastric nerve transection (Figure 1F).

We also counted all of the FG neurons in the sacral IML of
horizontal cord sections, each section containing dozens of fluo-
rescent FG neurons, ipsi- and contralateral to pelvic nerve injury.
No evidence was found for neuronal cell death in this region, with
comparable numbers of FG neurons being present ipsi- and con-
tralateral to the injury, at all time points (ipsi vs. contra: 1 week,
160 % 28 vs. 152 + 14; 2 weeks, 205 £ 39 vs. 197 *+ 59; 4 weeks,
232+ 25vs. 214+ 17; n = 4 rats).

After hypogastric nerve injury, there was no upregulation of
c-Jun in the lumbar IML relative to basal levels (Figures 1G,L,M),
but in the lumbar CAA c-Jun was increased at 1 week (P = 0.033;
Figures 1H,J,N). The upregulation of c-Jun-positive neurons in
the CAA compared with the IML is consistent with the former
region providing greater input to the pelvic ganglion (Hancock
and Peveto, 1979b; Nadelhaft and McKenna, 1987; Strack et al.,
1988). Pelvic nerve transection had no significant effect on c-Jun
expression in the lumbar CAA (Figures 1],I) but did cause a small
but significant upregulation of c-Jun in the lumbar IML ipsilateral
to the injury (main effect of side, P= 0.034) that showed an inter-
action with post-injury time (P = 0.026), being more prevalent
at 1 week (Figure 1K).

Almost without exception, c-Jun-positive nuclei were restricted
to FG neurons, indicating that c-Jun upregulation was specific to
putatively injured preganglionic neurons rather than local interneu-
rons. No glial expression of c-Jun was observed, in contrast to the
profound upregulation of c-Jun after axotomy of pelvic ganglion
neurons (Nangle and Keast, 2009).

Together, this set of experiments shows that upregulation of
c-Jun is most pronounced in sacral spinal cord, ipsilateral to pelvic
nerve injury. This upregulation is transient, and occurs in a sub-
group of injured neurons. However, upregulation occurs in very
few neurons that may be undergoing compensatory sprouting or
aberrant growth, such as preganglionic neurons in other regions of
the cord, or nearby spinal interneurons. We did not find evidence
to support substantial death of neurons in the sacral IML after
pelvic nerve injury, the scenario in which the greatest change in
c-Jun expression occurred.

AXOTOMY REDUCED ChAT EXPRESSION IN A SUBPOPULATION OF
PREGANGLIONIC NEURONS

To further define the characteristics of axotomized preganglionic
neurons and examine properties specific to those neurons upregu-
lating c-Jun expression, immunolabeling for c-Jun was performed
in combination with ChAT, the synthetic enzyme for their primary
neurotransmitter, acetylcholine. The prevalence and distribution
of ChAT-positive neurons matched the location of FG-positive
neurons and previous data (Barber et al., 1984). Representative
micrographs illustrating the distribution of ChAT-positive neurons
in sacral and lumbar cord 2 weeks after either pelvic or hypogastric
nerve transection are shown in Figures 2A,B, respectively. Higher
magnification images of ChAT and c-Jun immunoreactivity are
provided in Figures 2C-F.

In naive control spinal cord, c-Jun-positive neurons were scarce
(see above and Figure 1) and comprised <10% of ChAT-positive
neurons in the sacral IML (Figure 2G), lumbar IML (Figure 2H),
and lumbar CAA (Figure 2I). Conversely, in these three areas >90%
of all c-Jun-positive neurons were ChAT-positive (Figures 2J-L).
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FIGURE 1 | Immunoreactivity for c-Jun in lumbar and sacral preganglionic
neurons after axotomy. The proportion of FluoroGold (FG)-positive neurons
expressing c-Jun was recorded in horizontal sacral (L6-S1) and lumbar (L1-L2)
spinal cord sections 1, 2, or 4 weeks after nerve transection and in naive
controls. (A) In the sacral intermediolateral column (IML), the proportion of
FG-positive neurons expressing c-Jun was significantly increased ipsilateral to
injury (main effect of side: £, ; = 159.78, P<0.001) and there was also a
significant interaction between side and time (FZV9 =5.06, P=0.034), with the
largest effect of injury apparent at 1 week. There was no effect contralateral to
injury, when compared with naive controls. (B) FG and c-Jun immunolabeling
within the sacral IML, ipsilateral to pelvic nerve transection, 1 week after injury.
Boxed region provides higher magnification images of c-Jun-positive nuclei
within FG-positive neurons. (C) FG and ¢-Jun immunolabeling within the sacral
IML, contralateral to pelvic nerve transection, 1 week after injury. (D,E) Higher
magnification images of FG and c-Jun labeling in sacral IML, 2 and 4 weeks after
pelvic nerve transection, respectively. (FG) No effect of hypogastric nerve
transection was detected in the sacral (F) or lumbar (G) IML, either in the
context of side or relative to naive controls. (H,1) Examples of FG and ¢-Jun
labeling in the central autonomic area (CAA), 2 and 4 weeks after hypogastric
nerve transection, respectively. (J) There was a significant increase in proportion

of FG neurons expressing c-Jun within the CAA after hypogastric (HGN) but not
pelvic nerve (PVN) transection, with this effect occurring 1 week after injury;

asterisk indicates a significant difference from naive controls (FBV27 =437

P =0.033). (K) There was a small but significant increase in the prevalence of
c-Jun-positive FG neurons in the ipsilateral lumbar IML after pelvic nerve
transection (main effect of side: F, ; = 14.427 P = 0.004) and there was also a
significant interaction between side and time (F, ; = 5.664, P= 0.026), with the
largest effect of injury occurring at 1 week. There was no effect contralateral to
injury, when compared with naive controls. (L) FG and c-Jun labeling within the
lumbar IML, ipsilateral to hypogastric nerve transection, 1 week after injury;
boxed region provides a higher magnification image to demonstrate a
c-Jun-positive nucleus within a FG-positive neuron and an adjacent-Jun-negative
neuron. (M) As per (L), contralateral to hypogastric nerve transection. (N) FG
and c-Jun labeling within the CAA, 1 week after hypogastric nerve injury; boxed
region shows c-Jun-positive nuclei within FG-positive neurons at higher
magnification. Bars represent mean £ SEM, with n = 4 for all groups. Main
effects and interactions identified by two-way ANOVA (repeated measures)
indicated on relevant plots. Comparisons with naive controls made with
Dunnett's test. Scale bar: 100 um (B,C), 40 um (boxes for B,C; D,E,H,l), 120 um
(L,M), and 175 pm (N); 30 um (boxes for L-N).

In parallel with our observations on FG neurons, after pelvic
nerve injury there was a substantial increase in the proportion
of ChAT-positive neurons expressing c-Jun in the ipsilateral side
of the sacral IML (P < 0.001), which did not vary significantly

with time(P > 0.05; Figure 2G). Closer inspection of ChAT/c-Jun
colocalization showed that in the sacral IML there was a significant
main effect of side on prevalence of c-Jun-positive neurons that
failed to express ChAT (P = 0.012; Figures 2C,J). This occurred in
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FIGURE 2 | Effects of axotomy on choline acetyltransferase (ChAT)
immunoreactivity in preganglionic neurons. The proportion of c-Jun-positive
neurons immunoreactive for ChAT was recorded in horizontal sacral (L6-S1) and
lumbar (L1-L2) spinal cord sectionsone, 2, or 4 weeks after nerve transection
and in naive controls. The proportion of ChAT-positive neurons expressing c-Jun
was also analyzed. (A,B) Low power images illustrating the distribution of
ChAT-positive neurons within sacral (A) and lumbar (B) cord, 2 weeks after
pelvic or hypogastric nerve transection, respectively. (C,D) Higher magnification
images showing c-Jun-positive nuclei in sacral intermediolateral column (IML),

1 week after pelvic nerve transection (C, ipsilateral; D, contralateral). In (C),
some of the neurons with c-Jun-positive nuclei are ChAT-negative (arrows). In
(D), intense c-Jun immunoreactivity is absent, but some dim labeling is
indicated (arrow). (E) A c-Jun-positive nucleus within a ChAT-positive neuron
(arrow) in the lumbar IML contralateral to hypogastric nerve transection, 1 week
after injury. (F) A c-Jun-positive nucleus within a ChAT-negative neuron (arrow) in
the lumbar central autonomic area (CAA), 1 week after hypogastric nerve injury.
(G) In the sacral IML, a significant increase in the proportion of ChAT neurons
expressing c-Jun was detected ipsilateral to pelvic nerve transection (main
effect of side: Fuz =94.144, P<0.001) but there was no significant interaction
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between side and time. There was no effect contralateral to injury, when
compared with naive controls. (H) Ipsilateral to hypogastric nerve transection,
the proportion of ChAT neurons expressing c-Jun in the lumbar IML may have
been increased relative to the contralateral side, but this did not quite reach
statistical significance (main effect of side: £, |, =4.75, P=0.05). There was no
significant effect contralateral to injury, when compared with naive controls. (I)
No consistent effect was detected within the CAA after either pelvic (PVN) or
hypogastric (HGN) nerve transection. (J) A significant reduction in the proportion
of c-Jun-positive neurons expressing ChAT was recorded in the sacral IML after
pelvic nerve transection (main effect of side: £, ,, =8.871, P=0.012), but there
was no interaction with time. There was no effect contralateral to injury, when
compared with naive controls. (K) There was no significant change in the
proportion of c-Jun positive neurons expressing ChAT, ipsilateral to hypogastric
nerve transection. There was no effect contralateral to injury, when compared
with naive controls. (L) No effect of PVN or HGN was detected in the CAA
compared to naive controls. Bars represent mean + SEM, with n = 5 for all
groups. Main effects identified by two-way ANOVA (repeated measures)
indicated on relevant plots. Comparisons with naive controls made with
Dunnett's test. Scale bar: 200 ym (A,B), 50 pm (C-F).
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up to 30% of sacral IML neurons on the ipsilateral side. No loss of
ChAT was noted in the scarce c-Jun-positive neurons contralateral
to pelvic nerve injury in the sacral cord (Figures 2D,]).

One week after hypogastric nerve injury there appeared to be a
small increase in c-Jun expression with ChAT neurons ipsilateral
to injury (Figure 2H), but this did not quite achieve statistical sig-
nificance (P=0.05). There was also no statistically significant effect
of injury on the contralateral side or in the CAA, relative to naive
controls (Figures 2H,I). After hypogastric nerve injury there was
no effect on the proportion of c-Jun-positive neurons expressing
ChAT in the lumbar IML or CAA (Figures K,L).

Together, these results indicate that although c-Jun is persist-
ently upregulated in a population of sacral preganglionic neurons
after axotomy, a subgroup of these neurons undergoes profound
downregulation of ChAT, such that during this period they would
no longer be immunohistochemically classified as cholinergic.
Therefore, we conducted an additional set of studies to quantify the
preganglionic neurons where this has occurred. First, we quantified
ChAT-negative neurons in the total population of preganglionic
neurons identified by the retrograde tracer, FG. ChAT-negative FG
neurons were rare in the lumbar and sacral IML of naive con-
trols (Figures 3A,B). However, ipsilateral to pelvic nerve injury,
many FG neurons in the sacral IML no longer expressed ChAT
(Figures 3A,D-F). This increased prevalence of the ChAT-negative
population among the FG neurons on the ipsilateral side was sta-
tistically significant (P < 0.001) and varied significantly with time
(P=0.006), being greatest 1 week after injury. There was no effect
of pelvic nerve transection on prevalence of ChAT-negative FG neu-
rons on the contralateral side. Relative to naive controls, an increase
in the ChAT-negative population of FG neurons was also detected
in both sides of the lumbar IML 1 week after hypogastric nerve
transection (Figures 3B,G,H). This closely matched our observa-
tions on c-Jun expression (see above). In the CAA, the proportion
of ChAT-negative FG neurons increased 1 week after hypogastric
nerve transection (P = 0.033; Figures 3C,I).

Further characterization of preganglionic neurons that retained
ChAT-immunoreactivity revealed a striking reduction in the
intensity of immunolabeling, specific to sacral cord and limited
to pelvic nerve transection (Figures 4A—C). The intensity of ChAT-
immunofluorescence was significantly reduced on the ipsilateral
side (Figures 4A,B; P < 0.001). This reduction varied with time
(P =0.018), being greatest at 1 week. No significant changes were
detected in the lumbar cord after either hypogastric or pelvic nerve
injury, or in the sacral cord after hypogastric nerve injury (data
not shown).

SIZE OF ChAT-POSITIVE SACRAL PREGANGLIONIC NEURON SOMATA

WAS SIGNIFICANTLY REDUCED AFTER PELVIC NERVE TRANSECTION

To determine if axotomy caused structural changes in sacral IML
neurons, images were collected from sections processed for ChAT
immunolabeling (DAB method) and nucleated profiles of ChAT-
positive somata were measured. A significant decrease in soma size
was detected after pelvic nerve injury (main effect of side, P<0.001)
but this did not vary significantly with time. One week after pelvic
nerve injury, ChAT-positive neurons were slightly but significantly
smaller than naive controls on both ipsilateral and contralateral
sides (Figure4D). No significant changes in soma size were found in

the sacral IML after hypogastric nerve injury or in the lumbar IML
after either nerve injury (data not shown). However it should be
noted that within the lumbar IML, any effect is likely to be masked
by uninjured neurons that do not project in the hypogastric nerve.
The CAA was not examined in this set of experiments.

ATF-3 WAS UPREGULATED IN AXOTOMIZED PREGANGLIONIC NEURONS
We also examined the expression of ATF-3, another immediate
early gene that is involved in responses to axonal injury (Herdegen
etal., 1997; Takeda et al., 2000). In naive controls and contralateral
to either injury, no ATF-3 expression was detected within sacral
or lumbar cord. However, after pelvic nerve transection, ChAT-
positive neurons expressing nuclear ATF-3 were recorded ipsilateral
to injury (Figure 5A). This effect persisted over 4 weeks, during
which approximately 10% of ChAT-positive neurons expressed
ATF-3. ATF-3 expression was also observed in a smaller number
of ChAT-positive neurons, both 1 and 2 weeks after hypogastric
nerve transection, and both ipsilateral and contralateral to injury
(Figure 5B). In the CAA, ATF-3 expression occurred in ChAT-
positive neurons, reaching approximately 5% 1 week after injury
and declining to approximately 2—3% by 2 and 4 weeks (Figure 5C).
Al ATE-3-positive nuclei were found within FG-positive somata and
so were considered to be preganglionic neurons (Figures 5D—F). No
glial expression of ATF-3 was observed in any spinal cord region.

In addition to expression of ATF-3 in a minority of ChAT-
positive preganglionic neurons, there was a striking correlation
between ATF-3-positive nuclei and ChAT-negative preganglionic
neurons. This indicates ATF-3 is expressed preferentially in pre-
ganglionic neurons that undergo downregulation of ChAT. This
effect was particularly pronounced in sacral IML after pelvic nerve
transection, where 1 week after injury 65.3 +4.5% of ATF-3-positive
nuclei were within ChAT-negative neurons (n =4 rats); the remain-
ing ATF-3-positive nuclei were predominantly localized to weakly
ChAT-positive neurons (Figure 5G). Two and 4 weeks after injury,
the proportion of ATF-3-positive neurons that were ChAT-negative
decreased to 40.3 + 1.6 and 37.4 + 6.5%, respectively (n = 4 rats).
This relationship was also noted in lumbar cord after hypogastric
nerve transection, albeit the observation was made bilaterally. That
is, 1 week after injury, 51.1 = 7.6 and 53.8 + 6.2% respectively of
ATEF-3 nuclei were found in ChAT-negative neurons in the ipsilat-
eral and contralateral lumbar IML (Figure 5H; n = 4 rats); by 2
and 4 weeks, almost all ATF-3 nuclei were within ChAT-positive
neurons. In the CAA,50.6+£2.6,25.9+3.9,and 20.7 + 8.9%, respec-
tively, of ATF-3 nuclei were found in ChAT-negative neurons at 1,
2, and 4 weeks after hypogastric nerve transection.

DISCUSSION

In this study we have shown that axotomy causes sacral pregangli-
onic neurons to undergo rapid upregulation of immediate early
gene (c-Jun, ATF-3) expression, and a decrease in ChAT expres-
sion and soma size. Many of these changes persist until at least
4 weeks after injury, in the context of a situation where regenera-
tion has been prevented. Depending on the parameter measured,
these structural and functional changes occurred in 50% or less
of the total population of sacral preganglionic neurons, indicating
that a subpopulation of neurons undergoes distinct degenera-
tive changes. Whether this also indicates different potential for
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FIGURE 3 | Effects of axotomy on choline acetyltransferase (ChAT)
immunoreactivity in retrogradely labeled preganglionic neurons. The
proportion of FluoroGold (FG)-positive neurons with ChAT-immunoreactivity was
recorded in horizontal sacral (L6-S1) and lumbar (L1-L2) spinal cord sections 1,
2, or 4 weeks after nerve transection and in naive controls. (A) In the sacral
intermediolateral column (IML), the proportion of ChAT-negative FG neurons
was significantly increased ipsilateral to pelvic nerve transection (main effect of
side: Fw =194.87 P<0.001) and there was also a significant interaction
between side and time (F,, = 9.521, P = 0.006), with the largest effect of injury
occurring at T week. There was no effect contralateral to injury, when compared
with naive controls. (B) Within the lumbar IML, there was no difference in the
proportion of ChAT-negative FG neurons between sides, but relative to naive
controls there was an increase contralateral to injury at 1 week (F, ;; = 11.62,

P =0.007). Together this infers that there was also an increase in the ipsilateral

at 1 week, relative to naive controls. (C) One week after hypogastric nerve
(HGN) transection, an increase in the proportion of ChAT-negative FG neurons
was detected in the central autonomic area (CAA), compared to naive controls
(F,,, = 2.3, P=0.033). No effect was seen at any other time or after pelvic nerve
(PVN) transection. (D-F) Images of sacral IML ipsilateral to pelvic nerve
transection, showing examples of ChAT-negative FG neurons at 1 (D), 2 (E), and
4 (F) weeks after injury. (G-1) Images of lumbar cord showing examples of
ChAT-negative FG neurons, 1 week after hypogastric nerve transection, within
the IML both ipsilateral (G) and contralateral (H) to injury, and within the CAA (l).
Bars represent mean + SEM, with n = 4 for all groups. Main effects and
interactions identified by two-way ANOVA (repeated measures) indicated on
relevant plots. Comparisons with naive controls made with Dunnett’s test. In B
and C, asterisk indicates a significant difference from naive controls, with
Pvalues as indicated above. Scale bar: 20 um (D).

recovery of connectivity and function amongst distinct groups
of parasympathetic neurons is yet to be established but may be
informed by studies using incomplete injury (e.g., freezing or
crushing pelvic nerves), where at least some regeneration would
be expected (Keast, 2004).

We also observed upregulation of immediate early genes and
loss of ChAT in lumbar spinal cord after hypogastric nerve injury.
Generally these changes were more pronounced in the CAA than
the IML, as predicted from the relative prevalence of pelvic gangli-
on-projecting neurons in each location. In contrast to the effects of
unilateral pelvic nerve injury on sacral spinal neurons, we identified

some bilateral effects on sympathetic preganglionic neurons after
hypogastric nerve transection. This is supported by previous retro-
grade tracing studies to quantify preganglionic neurons extending
axons along the hypogastric nerve (Hancock and Peveto, 1979b;
Nadelhaft and McKenna, 1987). A limitation of our study was
that we could not directly identify and quantify all sympathetic
preganglionic neurons projecting in the hypogastric nerve (i.e.,
to the pelvic ganglion), which in these locations are likely to be
outnumbered by preganglionic neurons supplying other targets.
Retrograde labeling studies from the pelvic ganglion may pro-
vide additional insights into this particular group of sympathetic
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FIGURE 4 | Choline acetyltransferase (ChAT) immunoreactivity and soma
size of sacral preganglionic neurons after pelvic nerve transection.

(A) Intensity of ChAT-immunofluorescence (0-256 grayscale, 8-bit images) in
the sacral intermediolateral column (IML) was significantly reduced ipsilateral
to pelvic nerve transection (main effect of side: F, ;= 88.76, P<0.001). There
was also a significant interaction between side and time (F, 19 = =5.04,

P =0.018),with the effect being largest at 1 week. (B,C) Image montages of
sacral IML immunolabeled for ChAT, 1 (B) or 2 (C) weeks after pelvic nerve
transection, each showing a reduction in labeling intensity ipsilateral to injury.
(D) Area of soma profiles from ChAT-positive preganglionic neurons in the

1 week
Contralateral

2 week
Contralateral

sacral IML were reduced ipsilateral to injury (main effect of side:
F, ., = 37922, P<0.001) but this was unaffected by time. One week after
injury the somata on the contralateral side were slightly smaller than naive
controls (F3 1o =4.853, P=0.025) and, because the ipsilateral neurons are
smaller than contralateral neurons, the former are also smaller than naive
controls. Main effects and interactions identified by two-way ANOVA
(repeated measures) indicated on relevant plots. Comparisons with naive
controls made with Dunnett's test. Bars represent mean £ SEM, withn=5
for soma size analyses and 4-9 for intensity measurements. Scale bar:

300 um (B,C).

neurons. Irrespective, our observations do not suggest that injury
has any more severe effect on sympathetic than parasympathetic
pelvic ganglion-projecting preganglionic neurons, even though the
former may be more susceptible to degenerative stimuli as they
show a greater degree of aging-related atrophy (Dering et al., 1996;
Santer et al., 2002).

Our results also contrast with previous studies of axotomy on
more rostral populations of sympathetic preganglionic neurons
where a substantial proportion of neurons (more than half) die
after axotomy or treatment with antibodies against acetylcholineste-
rase (Tang and Brimijoin, 2002). We did not perform stereological
analyses of lumbar or sacral preganglionic neurons, but in horizon-
tal sections that each include a large sample of IML neurons, we did
not see any decrease in FG-labeled neurons ipsilateral to injury; a
previous study of unilateral pelvic nerve injury also failed to identify
neuronal loss in the sacral IML, although it did report an upregula-
tion of nitric oxide synthase (Vizzard et al., 1995). Therefore, while
we cannot discount a small amount of neuronal death, it appears
that the sympathetic preganglionic neurons injured in this study
are more likely to survive after a transection injury. The type of
injury performed may also impact on neuronal survival, because
even though we did also not detect any neuronal loss in the sacral
IML after pelvic nerve transection, 6 weeks after ventral root avul-
sion (an experimental model of cauda equina syndrome), almost
80% of preganglionic neurons degenerate (Hoang et al., 2003).
It would be valuable to understand the cellular basis for avulsion
being a more potent stimulus of neuronal death than transection
in these neurons.

We observed a substantial reduction in ChAT expression in
sacral parasympathetic preganglionic neurons after axotomy. A
pronounced loss of ChAT expression has also been reported after
avulsion injury of these neurons (Hoang et al., 2003) and in many
other types of axotomized central neurons, but varies widely in
the extent, duration and onset of loss so could not be predicted in
our study (e.g., Hoover et al., 1985; Lams et al., 1988; Armstrong
et al., 1991; Kou et al., 1995). Following pelvic nerve transection,
the reduction in ChAT expression was so extreme in some neu-
rons that they could no longer be categorized as cholinergic using
typical immunohistochemical criteria (but could be identified as
preganglionic and therefore originally cholinergic by presence of
retrograde tracer). Apart from this practical demonstration that
ChAT-immunoreactivity will underestimate the population of neu-
rons surviving an injury, the results again reveal a functional change
in a subpopulation (rather than all) of the preganglionic neurons.
Why there should be such a broad spectrum of effects of axotomy
(i.e., complete and partial loss of ChAT or no apparent change in
ChAT) is interesting as it may again reflect differential susceptibility
to injury or potential for successful regeneration.

Numerous studies have been performed on the expression of
the transcription factor, c-Jun, after injury, when it is strongly cor-
related with the “cell body response” (as reviewed by Herdegen
and Leah, 1998). This comprises a complex array of structural,
chemical, and electrophysiological changes by which the neuron
adapts for survival after injury, and in many cases upregulates genes
necessary for regeneration. Axotomy-induced expression of c-Jun
varies widely in latency and persistence, depending on neuron type,
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FIGURE 5 | Activating transcription factor-3 expression in axotomized
lumbar and sacral preganglionic neurons. The proportion of choline
acetyltransferase (ChAT)-positive neurons expressing activating transcription
factor-3 (ATF-3) was recorded in horizontal sacral (L6-S1) and lumbar (L1-L2)
spinal cord sections at 1, 2, and 4 weeks after nerve transection and in naive
controls. (A) In the sacral intermediolateral column (IML), some ChAT-positive
neurons expressed ATF-3 after pelvic nerve transection; no ATF-3 expression was
detected contralateral to nerve injury at any time point, or in naive controls. (B) In
the lumbar IML a small proportion of ChAT-positive neurons expressed ATF-3 after
hypogastric nerve transection; this was detected bilaterally but there was no
difference between sides. No ATF-3 was detected in lumbar IML of naive controls
or after pelvic nerve transection. (C) In the central autonomic area (CAA), a
minority of ChAT-positive neurons expressed ATF-3 after hypogastric nerve
transection, peaking at 1 week, and declining over the following weeks. No ATF-3

expression was detected within the CAA in naive controls or after pelvic nerve
transection. (D-F) All ATF-3-positive nuclei were found within FluoroGold
(FG)-positive neurons, with representative images from sacral (D) and lumbar
IML (E) and CAA (F) horizontal spinal cord sections 1 week after injury. Arrows
highlight ATR-3-positive FG neurons across each series. (G) Ipsilateral and
contralateral sides from the same horizontal section of sacral spinal cord labeled
for ChAT and ATF-3, 1 week after pelvic nerve transection. ATF-3-positive nuclei
are located in the IML ipsilateral to injury, and are almost exclusively within
weakly ChAT-positive, or ChAT-negative neurons. The contralateral side displays
no ATF-3 immunoreactivity. (H) Both ipsilateral and contralateral to a hypogastric
nerve transection, examples of ATF-3 immunoreactivity in weakly ChAT-positive
neurons. Potential changes in the ipsilateral side were examined by two-way
ANOVA (repeated measures). Bars represent mean = SEM, with n = 4 for all
groups. Scale bars: 50 pm (D=F), 100 ym (G), and 50 pm (H).
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with onset ranging from 5 to 36 h, most commonly reaching a
maximum in 3-5 days and potentially persisting up to 100 days.
We also observed elevated c-Jun up to 4 weeks after axotomy but
did not determine the time of onset of the response (1 week after
injury was our earliest time point). An elegant study by Raivich et al.
(2004) showed that c-Jun is required for facial nerve regeneration
in mice; moreover, downregulation of c-Jun can occur if regenera-
tion is achieved (Herdegen et al., 1991; Leah et al., 1991; Jenkins
et al,, 1993). Our experimental approach precluded regeneration
(a segment of nerve was removed), and c-Jun remained elevated
up to 4 weeks after transection, but it is possible that this was not
sustained further, even though regeneration did not occur.

Activating transcription factor-3 has been implicated in simi-
lar injury-related events and is typically regarded as a cellular
marker of stress and/or injury, which may follow the activation
of c-Jun (Hai et al., 1999; Takeda et al., 2000; Tsujino et al., 2000;
Raivich and Behrens, 2006). The functional consequences of ATF-3
induction are not well understood. ATF-3 may also play a role in
determining cell fate after injury by directing the cell toward an
apoptotic or regenerative response (Nakagomi et al., 2003; Song
et al., 2008) and ATF-3 expression may promote neuron survival
(Herdegen et al., 1997). What regulates the functional variability,
and context dependency of c-Jun and ATF-3 actions is not yet well
understood, although exposure to trophic factors can influence the
relative expression of each transcription factor (Vaudano et al.,
2001; Wang et al., 2003; Wu et al., 2003; Averill et al., 2004; Jongen
etal., 2005; Parsadanian et al., 2006; Pezet et al., 2006; Hyatt Sachs
etal., 2007; Young et al., 2008). A number of neurotrophic factors
have been implicated in development or maintenance of sympa-
thetic preganglionic neurons (Schober and Unsicker, 2001), but
with the exception of a small number of preganglionic neurons in
the sacral cord that express the receptor for GDNF (Forrest and
Keast, 2008), the trophic factors for pelvic ganglion-projecting
lumbosacral preganglionic neurons are unknown. In our study,
we prevented regeneration of preganglionic neurons, so in this
context availability of neurotrophic factors during the four post-
operative weeks may not have altered. However, transecting these
nerves also directly injures the peripheral processes of sensory fibers
from relevant lumbar and sacral dorsal root ganglia, so we cannot
predict what impact this may have had on the chemistry and activity
of the spinal cord of those segments.

Our results from quantitation of c-Jun and ATF-3 in the spi-
nal cord clearly indicate responses in a specific subgroup (rather
than all) injured neurons. As well as the issues discussed earlier
regarding the biological basis of this distinction, this particular
aspect of our study raises the possibility of co-activation in the
same group of injured neurons, consistent with their ability to
co-dimerize (Lindwall and Kanje, 2005). This co-activation has
been demonstrated elsewhere in the nervous system (Takeda et al.,
2000; Nakagomi et al., 2003; Song et al., 2008). Because both pri-
mary antibodies were raised in the same species, we were unable
to conduct double-labeling studies to directly visualize c-Jun and
ATEF-3 in the same neurons, however our observations in relation
to ChAT expression indicate that injured neurons that have strongly
downregulated ChAT expression (i.e., FG neurons that no longer
express ChAT), may express both c-Jun and ATF-3, although it is
possible that the former slightly predominates.

One of the primary aims of our study was to determine if unin-
jured neurons undergo plasticity, specifically axonal sprouting, fol-
lowing injury to the alternative source of preganglionic neurons
to pelvic ganglia. This has been proposed by in vivo physiological
studies where the pelvic or hypogastric nerves were injured (Dail
et al., 1989; de Groat and Kawatani, 1989; Kihara et al., 1996).
The issue is important because this type of growth could form the
basis of alternative regenerative approaches to restore some types
of central control or, may even need to be attenuated if aberrant
growth leads to inappropriate hyperactivity states. Because we have
previously shown that c-Jun was upregulated in sprouting, deaf-
ferented pelvic ganglion neurons and their adjacent glia (Nangle
and Keast, 2009), we considered that c-Jun expression patterns may
identify uninjured sprouting neurons in the current experiments.
However, we found little evidence for increased c-Jun expression
in the lumbar spinal cord after pelvic (sacral) nerve injury, with
only a very small, transient increase in prevalence of c-Jun-positive
neurons in the lumbar IML and no change in the CAA. We also
found no expression in the sacral spinal cord after hypogastric
nerve injury, and no glial expression of this immediate early gene
in lumbar or sacral preganglionic neurons after either injury. While
our observations do not support the proposal of collateral growth
from a substantial number of uninjured preganglionic neurons,
it is possible that sprouting is occurring but not coupled to c-Jun
expression. In order to definitively demonstrate the cellular basis
of plasticity observed in previous in vivo measurements of reflex
function after injury, it may be necessary to seek aberrant syn-
apses in isolated pelvic ganglia using intracellular electrophysi-
ological recording approaches, or to perform anterograde labeling
studies from spinal nuclei following injury. Our failure to observe
expression of c-Jun in glia closely associated with somata of axot-
omized preganglionic neurons contrasts with the extensive c-Jun
upregulation in glia within pelvic ganglia following degeneration
of preganglionic axons (Nangle and Keast, 2009). This could be
due to distinct physiological roles of central and peripheral glia, or
different stimuli for c-Jun activation arising in the environment of
degenerating axons or abnormally functioning deafferented pelvic
ganglion neurons.

CONCLUSION

Transection of the pelvic or hypogastric nerves caused a range of
potentially degenerative changes in injured preganglionic neu-
rons, although there was no evidence of neuronal death. Because
each of the effects we observed occurred in only a subpopulation
of preganglionic neurons at that spinal level, this raises the pos-
sibility that distinct functional subgroups have different suscep-
tibility to trauma-induced degeneration and potentially different
regenerative abilities. The cellular mechanisms underpinning
these distinct changes may provide new strategies for promoting
regeneration of specific pathways within pelvic autonomic nerve
circuits after surgically induced injury or spinal nerve trauma
due to other causes.
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