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Abstract

Using immunohistochemical techniques, we characterized changes in the expression of several
neurochemical markers in lumbar 4-sacral 2 (L4-S2) dorsal root ganglion (DRG) neuron profiles
(NPs) and the spinal cord of BALB/c mice after axotomy of the L6 and S1 spinal nerves, major
tributaries of the pelvic (targeting pelvic visceral organs) and pudendal (targeting perineum and
genitalia) nerves. Sham animals were included. Expression of cyclic AMP-dependent transcription
factor 3 (ATF3), calcitonin gene-related peptide (CGRP), transient receptor potential cation
channel subfamily V, member 1 (TRPV1), tyrosine hydroxylase (TH) and vesicular glutamate
transporters (VGLUT) types 1 and -2 was analysed seven days after injury. L6-S1 axotomy
induced dramatic de novo expression of ATF3 in many L6-S1 DRG NPs, and parallel significant
downregulations in the percentage of CGRP-, TRPV1-, TH- and VGLUT2-immunoreactive (IR)
DRG NPs, as compared to their expression in uninjured DRGs (contralateral L6-S1-AXO; sham
mice); VGLUT1 expression remained unaltered. Sham L6-S1 DRGs only showed a small
ipsilateral increase in ATF3-IR NPs (other markers were unchanged). L6-S1-AXO induced de
novo expression of ATF3 in several lumbosacral spinal cord motoneurons and parasympathetic
preganglionic neurons; in sham mice the effect was limited to a few motoneurons. Finally, a
moderate decrease in CGRP- and TRPV1-like-immunoreactivities was observed in the ipsilateral
superficial dorsal horn neuropil. In conclusion, injury of a mixed visceral/non-visceral nerve leads
to considerable neurochemical alterations in DRGs matched, to some extent, in the spinal cord.
Changes in these and potentially other nociception-related molecules could contribute to pain due
to injury of nerves in the abdominopelvic cavity.
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Introduction

Entrapment, tumors, trauma and iatrogenesis during various surgical procedures have all
been identified as potential causes of pelvic and/or lower abdominal nerve injury
(Viswanathan et al. 2009) and are associated with chronic pelvic pain. Typical symptomatic
manifestations of pelvic or abdominal nerve injury are chronic paresthesias and pain referred
to the area of distribution of the compromised nerve(s), and also to pelvic viscera
(Viswanathan et al. 2009).

Injury of two types of peripheral nerves may contribute to the mechanisms of chronic pelvic
pain: visceral and non-visceral (parietal) nerves. The former are represented in the pelvis by
the pelvic and hypogastric nerves. Of particular, relevance to the present study, the pelvic
nerve conveys afferent information from bladder, colon, prostate, vagina, vaginal cervix and
uterine cervix (see Van der Horst and Holstege 1998). Purely non-visceral nerves such as the
ilioinguinal, iliohypogastric or genitofemoral convey afferent input from the abdominopelvic
wall or the skin of genitals and lower limbs and are located in the abdominopelvic wall or
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within the abdominopelvic cavity itself (genitofemoral) (Shoja et al. 2013). Finally, mixed
visceral and non-visceral nerves such as the pudendal, convey afferent information from
visceral (vagina, part of the uterine cervix and the mucosa of the urethra and anus) and non-
visceral (skin of the penis, clitoris and perineum and the striated pelvic muscles) structures
(see Van der Horst and Holstege 1998).

One of the initial consequences of peripheral nerve injury is the occurrence of dramatic
neurochemical changes in dorsal root ganglion (DRG) neurons. Most studies thus far have
analysed changes in DRG neurons producing non-visceral nerves (commonly, the sciatic
nerve). Thus, since the initial descriptions of altered neurochemical expression of substance
P (Jessell et al. 1979), vasoactive intestinal polypeptide (VIP) (Shehab and Atkinson 1986)
or galanin (Hokfelt et al. 1987) in primary afferent neurons after axotomy of the sciatic
nerve, a plethora of complex changes have been demonstrated for a variety of molecules in
DRG neurons, more recently also through use of global gene array methodology
(Brumovsky et al. 2013; Costigan et al. 2002; Hokfelt et al. 2013; Xiao et al. 2002).
Importantly, such alterations, reflecting maladaptive changes in neurons along the
nociceptive pathway, participate in the mechanisms of neuropathic pain (Cohen and Mao
2014).

The most relevant model replicating iatrogenic nerve injury and acute postoperative pain is
the rat model of incisional pain (Brennan et al. 1996). Recently, its impact on the
neurochemistry of non-visceral DRG neurons has been addressed (Hill et al. 2010; Li et al.
2008; Spofford et al. 2011; Yalamuri et al. 2013). However, this model is performed in the
hindpaw skin, and the actual changes in DRG somata giving rise to non-visceral
abdominopelvic nerves have yet to be addressed. The same applies to analysis of peripheral
nerve injury in DRG neurons projecting axons through mixed (pudendal) or visceral (pelvic,
hypogastric) nerves. In fact, only one study, now 20 years old, has been published, where it
was shown that unilateral excision of the major pelvic ganglion (MPG) in the rat (with
axotomy of the pelvic nerve as a consequence) results in a dramatic upregulation of neuronal
nitric oxide synthase (nNOS) in DRG neurons innervating pelvic organs (Vizzard et al.
1995).

In contrast to DRG somata, the impact of peripheral nerve injury on sympathetic and
parasympathetic neurons projecting to lower abdominal and pelvic visceral organs and
genitalia has been extensively studied in rodents, most commonly through cavernous
(penile) nerve axotomy (Karakiewicz et al. 1996). Using this model, the consequences of the
deafferentation of autonomic pelvic ganglia on their neurochemistry and nerve regeneration
(Calenda et al. 2012; Girard et al. 2013; Keast 2006; Song et al. 2014), on erectile
dysfunction (Calenda et al. 2012; Karakiewicz et al. 1996; Song et al. 2014; Yamashita et al.
2009) or bladder and urethral functions (Lee et al. 2013) have been examined. Axotomy of
the pelvic nerve or its tributaries [lumbar 6 (L6) and sacral 1 (S1) spinal nerves axotomy]
was introduced for the study of the neural and behavioral effects of vaginocervical
stimulation (Pfaus et al. 2006), neurochemical changes in the lumbar sympathetic chain
(LSC) (see Brumovsky et al. 2011b), changes in colonic transit (Ridolfi et al. 2011), or the
physiology of parturition (Martinez-Gomez et al. 1998; Tovar et al. 2013). Even a model of
uterine extirpation (naturally resulting in axotomy of uterine nerves) was developed to study
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changes in the expression of molecules in the MPG of pig (Wasowicz 2003). Virtually none
of these studies has been dedicated to the analysis of pain after nerve injury or of
neurochemical changes in primary afferent neurons.

In the present study in mouse, we address the potential changes in the immunohistochemical
expression of a number of neurochemical markers, most of them associated with pain
mechanisms (see below), in DRG neurons and the spinal cord, after axotomy of the L6-S1
spinal trunk, giving rise to the pelvic and pudendal nerves in the rat (McKenna and
Nadelhaft 1986; Pacheco et al. 1989; Pastelin et al. 2008), and presumably also in the
mouse.

Materials and methods

Animals

The experiments were performed using twenty-four male BALB/c mice (b. wt. 22-28 g).
Animals were maintained under standard conditions on a 12-h day/night cycle, with water
and food available ad libitum.

All experiments in this study have been performed according to the Society for
Neuroscience guidelines for the use of animals in research, and were approved by the
Regulatory Committee of Experimental Animals of the Faculty of Biomedical Sciences at
Austral University.

Axotomy of the L6-S1 nerve trunk (L6-S1-AXO)

The procedure was performed as described previously (Brumovsky et al. 20113, b). Briefly,
in twenty-four isoflurane-anesthetized mice (5 % induction, 2.5 % maintenance, 1 I/min O,
flow rate, Baxter Health Care Laboratories, Guayama, Puerto Rico), and after protecting
their corneas using a 2 % polyacrylic acid sterile ophthalmic gel (Poen Laboratories, Buenos
Aires, Argentina), the ventral branches of the left 6th lumbar (L) and 1st sacral (S) spinal
nerves, both major contributors to the pelvic and pudendal nerves, were exposed by aseptic
laparotomy and dissection. In thirteen mice, these two spinal nerves were tightly ligated and
distally axotomized; in the remaining eleven mice the same spinal nerves were exposed as
described, but left intact (sham group). After suturing of the abdominal wall, a subcutaneous
injection of dexketoprophen (5 mg/kg, Menarini Laboratories, Buenos Aires, Argentina),
and topical application of 2 % lidocaine hydrochloride gel (AstraZeneca, Buenos Aires,
Argentina), mice recovered in a warm environment.

Immunohistochemistry

Seven days after axotomy (/7= 13) or sham surgery (7= 11), mice were deeply anaesthetized
with chloral hydrate (350 mg/kg; Biopack, Buenos Aires, Argentina) and perfused via the
ascending aorta with 20 ml warm (37 °C) Tyrode’s buffer, followed by 20 ml of a mixture of
4 % paraformaldehyde and 0.2 % picric acid in 0.16 M phosphate buffer (pH 6.9, 37 °C) and
50 ml of the same fixative at 4 °C, the latter passed in approximately, 57 min, as previously
described (Brumovsky et al. 2012a, b). The ipsilateral and contralateral L4-5, L6-S1 and S2
DRGs, as well as the corresponding levels of the spinal cord, were removed and postfixed in
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the same fixative for 90 min at 4 °C. The tissue was finally immersed in 10 % sucrose in
phosphate-buffered saline (PBS) (pH 7.4) for 24 h and in 20 % sucrose in PBS for an
additional 24 h. After embedding in Cryoplast OCT compound (Biopack, Argentina) and
deep-freezing, all tissues were sectioned in a cryostat (HM 505E, Microm, Heidelberg,
Germany) at 12- or 20-um thickness for DRGs and spinal cords, respectively.

Sections were mounted onto gelatin-coated slides for immunohistochemical processing
following the avidin-biotin complex (ABC) protocol as previously described (Brumovsky et
al. 2004). After two rinses in PBS (10 min each) and dehydration using increasing
concentrations of ethanol (ETOH) followed by xylene (1 min each), endogenous peroxidase
was inactivated by hydrogen peroxidase (H,O5; 0.5 %) diluted in methanol (20 min). This
was followed by rehydration using, in sequence, 96° and 70° ETOH (1 min each) and two
rinses in PBS (10 min each). Tissue sections were incubated with primary antibodies diluted
in 0.01 M PBS [containing 0.2 % bovine serum albumin (w/v), 0.03 % Triton X-100 (v/v)
and 0.1 % sodium azide (w/v)] for 24 h at 4 °C. Antibodies included rabbit anti-ATF3
(1:4000; sc-188, Santa Cruz, Dallas, TX, USA), anti-CGRP (1:12,000; C8198, Sigma, Saint
Louis, MO, USA), anti-TRPV1 (1:4000; ACC-030, Alomone Labs, Jerusalem, Israel), anti-
TH (1:4000; AB152, Millipore, Temecula, CA, USA), anti-VGLUT1 (1:4000; Brumovsky et
al. 2007, 2011a, b; Kawamura et al. 2006) or guinea pig anti-VGLUT2 (1:4000; Brumovsky
et al. 2007, 2011a, b; Miyazaki et al. 2003). Next, sections were washed twice in PBS,
incubated at room temperature (RT) for 60 min with biotinylated donkey anti-rabbit 1gG
(1:100, Vector Laboratories, Burlingame, CA, USA) or anti-guinea pig 1gG (1:100, Vector
Laboratories) secondary antibodies, rinsed twice in PBS, and incubated in ABC Elite Kit
reagents (Vector Laboratories) for 30 min at RT. Peroxidase activity was demonstrated by
reaction with H,O5 using a nickel-intensified diaminobenzidine protocol for enhancement of
the immunoreaction product. Following development, sections were incubated for 40 min
with 40,6-diamidino-2-phenylindole (DAPI) (0.1 ug/ml), for identification of the nuclear
profiles of all cells present per section (Kubista et al. 1987). Finally, sections were washed,
dehydrated and coverslipped using Canada balsam (Biopack).

Microscopy and image processing

Sections were examined using a Nikon Eclipse E-800 photomicroscope equipped with
appropriate objectives and filters for bright-field and fluorescence visualization, and a DS
U2 Nikon digital camera (Nikon, Tokyo, Japan). DAPI staining was visualized using an UV
filter and fluorescence illumination, whereas all other markers were examined using bright-
field illumination.

Resolution, brightness and contrast of the images were optimized using the Adobe
Photoshop CS3 software (Adobe Systems Inc., San Jose, CA, USA).

Quantification and statistical analysis

Quantification was performed in DRGs processed for immunohistochemistry from L6-S1-
axotomy (AXO) and sham mice, comparing contra- and ipsilateral sides. Every fourth DRG
section was used, from the first to the last cut section, and a total of 5-7 sections per DRG
was analysed (equivalent to about a fifth of the whole DRG) per each marker. First, the total
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number of neuron profiles (NPs) present in each section was quantified, under fluorescence
illumination and using an UV filter, counting only NPs containing clearly visible DAPI-
stained neuronal nuclei (Brumovsky et al. 2007, 2011a, b). This was followed by
quantification of the number of NPs positive for each immunohistochemical marker, under
bright-field illumination. Subsequently, percentages of NPs expressing different markers
were obtained by comparing their number with the total number of DAPI-stained NPs. The
quantification method utilized in this study may have resulted in an overestimation of large-
diameter NPs and a reduction in the opportunity of small NPs to be counted (Guillery 2002).
Thus, it is possible that the percentages presented here underestimated the actual number of
small DRG NPs. A neurostereological approach would avoid this error (Mayhew and
Gundersen 1996), but this study only aimed to reveal the relative expression of different
markers, and an estimate of the degree of change after AXO.

ATFE3-immunoreactive (IR) NPs were counted in L4-5, L6-S1 and S2 DRGs, revealing
scarcity of changes in expression in the ipsilateral L4-5 or S2 DRGs. Accordingly, analysis
of CGRP-, TRPV1-, VGLUT1 or VGLUT2-IR NPs was only performed in L6-S1 DRGs. In
other words, priority was given to the directly affected DRGs (L6-S1).

Neuronal size distribution of VGLUT2-IR NPs was performed by the analysis of cell body
diameters of a representative sample of nucleated NPs expressing VGLUT2 (4195 NPs) in
contralateral or ipsilateral L6-S2 DRGs of sham (7= 3) or L6-S1-AXO (n7= 3) mice using
the public domain NIH program ImageJ (developed at the U.S. National Institutes of Health
and available at http://rsb.info.nih.gov/nihimage/). All values were pooled into histograms
parcelled either in bins of 200 pm? (maximum of 1600 pm?), or based on a NP size
distribution categorized as follows (Brumovsky et al. 2007): (1) small, <400 pm2; (2)
medium, 400-1225 pm?; and (3) large, >1225 um?2.

Changes in the expression of CGRP and TRPV1 in the lumbosacral dorsal horn after PNA (n
= 4), comparing the contralateral and ipsilateral sides, were assessed by analysis of the area
occupied by CGRP- and TRPV1-like-immunoreactive (LI) fibers (other markers tested in
this study appeared not to change after injury, and received no further analysis in the spinal
cord). Sham mice were also tested (7= 4). High resolution micrographs of the contralateral
and ipsilateral dorsal horns were taken with a 20x objective plus additional 2x zooming
using side lenses available in the E-800 Nikon microscope tower. This was followed by the
selection of three areas within each superficial dorsal horn (lateral, mid and medial) using 1-
1.5 cm squares by means of the selection tool in Photoshop (such selection approach
allowed the specific analysis of laminae I-I11; it also allowed standardizing the total area
against which the area occupied by stained nerve fibers was compared). Each photographic
triplet was merged in a single file, converted to binary in Photoshop (threshold = 128) and
saved for analysis using ImageJ. After being opened in ImageJ, the total area plus the area
occupied by stained nerve fibers in each triplet was measured and recorded. Such procedure
was performed in 5-7 spinal cord sections separated by 10-20, 20-um thick sections, in all
tested animals. The data thus recorded was then transferred to an Excel sheet and arranged
per animal. Subsequently, percentages of stained area were obtained by comparison with the
total evaluated area, per animal, and later per group.
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Data are presented as mean = SEM and were analysed statistically using the unpaired
student’s ttest; P < 0.05 was considered significant.

L6-S1-AXO induces expression of ATF3 in a large proportion of L6-S1 DRG neuron profiles

Whenever present, ATF3 immunostaining was observed in the form of intense and clearly
localized nuclear staining, commonly associated with weaker cytoplasmic staining (Fig. 1a —
d). Only a very small percentage of nuclear ATF3-IR NPs was detected in contralateral L6-
S1 DRGs of L6-S1-AXO or sham mice (Table 1; Fig. 1a, c). In contrast, L6-S1-AXO
resulted in a dramatic upregulation in the percentage of ATF3-IR NPs in ipsilateral L6-S1
DRGs that appeared to span all cell-body sizes (Table 1; Fig. 1b). Sham-injury resulted in a
significant but small upregulation in the percentage of L6-S1 ATF3-IR DRG NPs (Table 1;
Fig. 1d). Only small-sized DRG NPs appeared to be affected in sham mice (Fig. 1d). In
many DRG NPs in which ATF3 was upregulated, nuclear lateralization could be observed,
independent of cell body size (Fig. 1b, d) or ganglionic level.

Analysis of the neighboring L4-5 and S2 DRGs revealed a small percentage of ATF3-IR
NPs in the contralateral side of sham and L6-S1-AXO mice. This pattern of expression was
not significantly altered in the ipsilateral side (Table 1).

The presence of ATF3-IR NPs in L4-5 and S2 DRGs could be due to the manipulation of
tissues within the abdominal cavity during the induction of PNA or sham-injury, and the
accidental injury of an axon supplied by those DRGs. However, because the percentage of
ATF3-IR NPs was generally very low at these DRG levels and not statistically significant
between contralateral and ipsilateral sides (Table 1), other neurochemical changes induced
by L6-S1-AXO were subsequently studied only in L6-S1 DRGs as described in the
following section.

L6-S1-AXO downregulates the expression of CGRP, TRPV1, TH and VGLUT2, but not
VGLUT1Y, in L6-S1 DRG neuron profiles

Many small, medium-sized and some large CGRP-IR NPs were detected in the contralateral
L6-S1 DRGs of L6-S1-AXO0 and sham mice (Table 1; Fig. 1e, g). In contrast, L6-S1-AXO,
but not sham injury, resulted in a significant downregulation in the percentage of CGRP-IR
NPs in ipsilateral DRGs (Table 1; Fig. 1f, h).

A large number of small and medium-sized TRPV1-IR NPs were observed in the
contralateral L6-S1 DRGs of L6-S1-AXO and sham mice (Table 1, Fig. 2a, ). L6-S1-AXO
resulted in a significant reduction in the percentage of TRPV1-IR NPs in ipsilateral DRGs
(Table 1; Fig. 2f). This was in contrast to observations made in sham mice, where no change
in the percentage of TRPV1-IR NPs was noticed (Table 1; Fig. 2h).

A number of small and medium-sized TH-IR NPs was detected in the contralateral L6-S1
DRGs of L6-S1-AXO mice (Table 1; Fig. 2e, g), whereas L6-S1-AXO resulted in a
significant decrease in the percentage of TH-IR NPs in ipsilateral DRGs (Table 1; Fig. 2f).
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The percentage of TH-IR NPs did not change in ipsilateral DRGs of sham mice (Table 1;
Fig. 2h).

Several medium-sized and large VGLUT1-IR NPs were detected in the contralateral L6-S1
DRGs of L6-S1-AXO and sham mice (Table 1; Fig. 3a, ¢). Unlike observed for CGRP,
TRPV1 and TH, neither sham-injury nor L6-S1-AXO induced any significant change in the
percentage of VGLUT1-IR NPs in ipsilateral DRGs (Table 1; Fig. 3b, d). VGLUT2-IR NPs
spanning all cell body sizes were normally observed in high numbers in the contralateral L6-
S1 DRGs of L6-S1-AXO0 and sham mice (Table 1; Fig. 3e, g, i). L6-S1-AXO resulted in a
small but significant down-regulation of the percentage of DRG NPs expressing this
transporter (Table 1; Fig. 3f, h). In addition, an apparent increase in VGLUT2-like-
immunoreactivity (Li) was observed in several DRG NPs of small size (Fig. 3f, h). In
contrast to L6-S1-AXO, sham mice did not show any noticeable change in the percentage or
signal intensity of VGLUT2-IR NPs (Table 1; Fig. 3j).

Analysis of cell body size of VGLUT2-IR NPs showed a tendency towards a reduced
representation of medium-sized NPs in AXO mice (Fig. 4a, b), both when comparing
contralateral vs. ipsilateral L6-S1 DRGs from AXO mice, or ipsilateral L6-S1 DRGs
between sham vs. AXO mice.

L6-S1-AXO induces the upregulation of ATF3 in lumbosacral spinal motoneurons and in
neurons in the intermediolateral cell column

L6-S1-AXO resulted in the upregulation of ATF3 in a considerable number of motoneurons
in the ipsilateral spinal cord (Fig. 5a—c). ATF3-IR motorneuron clusters could be observed in
the lateral as well as the medial aspects of the ipsilateral ventral horn in L6-S1-AXO mice
(Fig. 5a, b), and also at both the lumbosacral (Fig. 5a, ¢) and sacral spinal cord levels (Fig.
5b). In contrast, ATF3-IR neurons were only infrequently observed in the contralateral
ventral horn of L6-S1-AXO mice (data not shown).

L6-S1-AXO also induced an increase of ATF3 in neurons in the ipsilateral intermediolateral
cell column of the lumbosacral spinal cord (Fig. 5a, d), but not contralateral to AXO. ATF3-
IR motoneurons and neurons in the intermediolateral cell column were infrequently
observed in the same section (Fig. 5a, ¢). In addition, one L6-S1-AXO mouse exhibited two
ATF3-IR neurons in area X, ipsilateral to the lesion (Fig. 5e).

In sham mice, ATF3-IR motoneurons in the ipsilateral ventral horn ranged from none (Fig.
5f) to a few (Fig. 5g), even though the magnitude of upregulation was considerably lower
when compared to L6-S1-AXO mice (Fig. 5a—c). In contrast, none of the sham mice showed
ATF3-IR neurons in the intermediolateral cell column of the lumbosacral spinal cord or area
X (Fig. 5f).

Finally, occasional ATF3-IR motoneurons were detected throughout the thoracic,
thoracolumbar and the lumbar enlargement, usually on the ipsilateral side of sham and L6-
S1-AXO mice and very rarely on the contralateral side (data not shown).
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L6-S1-AXO induces a modest downregulation of CGRP- and TRPV1-, but not of VGLUT1-
and VGLUT2-LI in the lumbosacral spinal cord

An intense CGRP-LI was observed in the superficial dorsal horn of the spinal cord of sham
and L6-S1-AXO mice (Fig. 6a—d). However, compared to sham mice (Fig. 6d, h), L6-S1-
AXO induced a modest reduction in CGRP-LI, noticeable in the ipsilateral laminae I-11 of
the dorsal horn (Fig. 6b, f). This downregulation was apparent respect to both the density of
CGRP-IR boutons and the intensity of immunoreactivity (compare Fig. 6f with e, g, h).
Image analysis confirmed a reduction in the area occupied by CGRP-IR fibers in the
ipsilateral dorsal horn of PNA mice, as compared to the contralateral side (26.9 + 1.8 vs.
35.8 + 1.4, respectively; P=0.0085). A difference was not detected in sham animals (37.2
+3.4vs. 36.5 £ 2.7, respectively; £=0.8652).

TRPV1-LI was also detected in the superficial dorsal horn of the spinal cord of sham and
L6-S1-AXO mice (Fig. 7a—d). As with CGRP-LI, a modest decrease of TRPV1-LI was
observed in the ipsilateral superficial dorsal horn of L6-S1-AXO mice (Fig. 7b, f) compared
to their sham counterparts (Fig. 7d, h). The downregulation seemed to be due mostly to a
reduction in the density of TRPV1-IR boutons, particularly noticeable in lamina Il (compare
Fig. 7f with e, g, h). Image analysis confirmed the reduction in the area occupied by TRPV1-
IR fibers in the ipsilateral dorsal horn of PNA mice, as compared to the contralateral side
(25.6 £ 1.6 vs. 34.2 + 2.1, respectively; P=0.0196). A difference was not detected in sham
animals (34.7 £ 1.7 vs. 36.4 + 2.2, respectively; P=0.5724).

Finally, variable VGLUT1-LI (denser in laminae I, 111-VI1 of the dorsal horn; less dense in
the ventral horns; nonexistent in lamina 11; Fig. 8a, ¢) and widespread VGLUT2-LI (virtually
all gray matter; Fig. 8b, d) was observed in sham and L6-S1-AXO mice. However, neither
L6-S1-AXO nor sham-injury induced any noticeable change in VGLUT1- or VGLUT?2
bouton density or intensity of immunoreactivity (Fig. 8a, b).

Discussion

Alterations in the expression of several molecules in non-visceral afferent neurons,
particularly after various types of injury of the sciatic nerve, have been previously analysed
in detail, contributing to our understanding of the mechanisms underlying chronic pain
associated with peripheral neuropathy (Brumovsky et al. 2013; Cohen and Mao 2014; von
Hehn et al. 2012). In contrast, the neuro-chemical consequences of injury of nerves
innervating perineal and/or pelvic structures has received little attention, the only exception
being the work by Vizzard et al. (1995) who reported upregulation of nNOS in visceral DRG
neurons after axotomy of the pelvic nerve in rat. Here, we addressed the neurochemical
changes occurring in DRG neurons and the spinal cord as a consequence of axotomy of a
mixed visceral and non-visceral nerve innervating pelvic, perineal and genital structures. We
show considerable alterations in the expression of several markers, some directly linked to
nociception. The observed changes are in line with those evoked by injury of non-visceral
DRG neurons, and may open the discussion about their involvement in chronic pelvic pain
after injury of intrapelvic nerves.
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Methodological considerations

Before discussing the findings, we would like to address the issue of neuronal death after
axotomy of peripheral nerves. Previous careful neurostereology studies, comparing sham-
operated and sciatic nerve axotomy mice, have reported that more than 20 % of all L4-5
DRG neurons are lost 7 days after axotomy (Shi et al. 2001b). Interestingly, proximity of the
site of injury to the affected ganglia and neuronal death have been proposed as directly
related (Shi et al. 2001b), since axotomy of the sciatic nerve at the mid-thigh level in the rat
does not result in neuron loss in L5 DRGs (Tandrup et al. 2000), as compared to an injury 7
mm distal to the ganglion (Vestergaard et al. 1997). In the present study, PNA was
performed by injury of the ventral branches of L6 and S1, close to their exit from the
intervertebral foramen. Thus, it could be possible that neuronal death, and/or severe atrophy
occurred after PNA, and this in turn affected the absolute number of DRG neurons, as well
as the quantification presented here. However, the focus of our study was not to demonstrate
neuronal death after PNA, and its consequence on absolute numbers. Therefore, all results
and the following discussion should be read as based on the extent of relative change in the
expression of various neurochemical markers.

Effects of L6-S1-AXO in the neurochemistry of mouse DRG neurons

Cyclic AMP-dependent transcription factor 3 is a member of the ATF/CREB family of basic
leucine zipper domain transcription factors (see Patodia and Raivich 2012). Sciatic nerve
axotomy (Tsujino et al. 2000), postganglionic axotomy of the superior cervical ganglion
(Boeshore et al. 2004) and optic nerve crushing (Takeda et al. 2000), all induce de novo
expression of ATF3 in the cell bodies of rodent sensory neurons and motoneurons (Tsujino
et al. 2000), autonomic neurons (Boeshore et al. 2004; Brumovsky et al. 2011b) and in
retinal ganglion cells (Takeda et al. 2000). Here we show that axotomy of nerves targeting
pelvic organs and perineal structures in the mouse also induce a dramatic upregulation of
ATF3 in a large proportion of L6-S1 DRG neurons. In agreement, it was recently shown in
rats that inferior rectal nerve compression by means of retrouterine balloon inflation results
in de novo expression of ATF3 in S1 DRG neurons (Peirce et al. 2011). The present results
also complement a previous study showing that L6-S1-AXO induces ATF3 upregulation in
many lumbar sympathetic chain (LSC) neurons (Brumovsky et al. 2011b). ATF3 has long
been proposed, along with other molecules, to participate in mechanisms of nerve
regeneration and neuronal survival (Nakagomi et al. 2003; Patodia and Raivich 2012;
Seijffers et al. 2007). Interestingly, an association between postsurgical pain, peritoneal
adhesions (see Moro et al. 2014; ten Broek et al. 2013) and growth of nerve fibers within the
adhesions (Sulaiman and Gordon 2013) has been recently proposed. Similarly, it has been
proposed that chronic pelvic pain after particularly difficult vaginal deliveries develops as a
consequence of injury and a series of aberrant reinnervations by uterine nerves (Pastelin et
al. 2012; Quinn 2004, 2011). Therefore, it could be hypothesized that the upregulation of
ATF3 in visceral and non-visceral DRG (present study) and LSC (Brumovsky et al. 2011b)
neurons after AXO of the L6-S1 trunk participated in the mechanisms of aberrant
innervation of peritoneal adhesions or reinnervation of tissues and organs deafferented
during surgical procedures or trauma of the lower abdominal/pelvic cavities, potentially
contributing to pain sensations.
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CGRP is probably the most abundant constitutively expressed neuropeptide in small,
medium-sized and (some) large non-visceral DRG neurons (see McMahon and Priestley
2005) and, along with substance P, it is considered a key neuropathic pain-signaling
neurotransmitter (see Nitzan-Luques et al. 2013). Axotomy (see Brumovsky et al. 2013;
Hokfelt et al. 1994), chronic constriction (Garry et al. 1991; Ma and Bisby 2000; Nahin et
al. 1994) and partial sciatic nerve injury (Ma and Bisby 2000) have been shown to
downregulate CGRP protein and transcript expression in non-visceral primary afferent
neurons. CGRP is also a predominant neuropeptide in visceral DRG neurons (see Robinson
and Gebhart 2008), although the effects of nerve injury on its expression have to date only
been analysed in relation to cranial nerves. Thus, axotomy of the glossopharyngeal and
carotid sinus nerves in the rat (innervating head and neck structures) results in down-
regulation in the number of neurons expressing CGRP protein (Helke and Rabchevsky 1991)
and transcript (Huang et al. 1994). Axotomy of the vagus nerve, innervating the entire length
of the gut (Grundy 2006), including the urinary bladder and the distal colon and rectum
(Herrity et al. 2014), has been shown to reduce the number of nodose ganglion neurons
expressing CGRP transcript (Huang et al. 1994), but not protein (Helke and Rabchevsky
1991). Here, we demonstrate that axotomy of the L6-S1 trunk results in downregulation of
the number of CGRP-IR DRG neurons in the mouse.

Another molecule strongly linked with nociceptive signaling and normally expressed by
small and medium-sized visceral (see Robinson and Gebhart 2008) and non-visceral (see
Caterina 2007) DRG neurons is TRPV1. Peripheral nerve injury of non-visceral neurons, as
shown by means of axotomy of the sciatic nerve (Michael and Priestley 1999) and L4-5
spinal nerves (Hudson et al. 2001; Michael and Priestley 1999), L4 spinal nerve ligation
(Fukuoka et al. 2002), partial sciatic nerve transection (Hudson et al. 2001) and transection
of various branches of the trigeminal nerve (Biggs et al. 2007; Kim et al. 2008; Zakir et al.
2012), result in downregulation of TRPV1 transcript (Fukuoka et al. 2002; Michael and
Priestley 1999) and protein (Biggs et al. 2007; Hudson et al. 2001; Kim et al. 2008; Zakir et
al. 2012) in DRG and trigeminal ganglion neurons. Interestingly, the decrease observed for
TRPV1 after trigeminal nerve injury is followed by its progressive upregulation (Biggs et al.
2007; Kim et al. 2008; Zakir et al. 2012), in uninjured (Biggs et al. 2007; Kim et al. 2008) or
regenerating severed neurons (Zakir et al. 2012), suggesting roles of TRPV1 in regeneration
after injury. Here, we show that axotomy of an intrapelvic nerve also downregulates the
expression of TRPV1 in L6-S1 DRG neurons. It remains to be established if TRPV1
downregulation in severed axons of L6-S1 DRG neurons is followed by its progressive
upregulation in neighboring uninjured neurons or during regeneration of spared nerves. If so,
it could be speculated that while contributing to regeneration of damaged nerves, such
upregulation could also facilitate the mechanisms of pain after pelvic surgeries or trauma.

Visceral (Brumovsky et al. 2012a) and non-visceral (Brumovsky et al. 2006a; Li et al. 2011)
DRG neurons also express the noradrenergic marker TH. Previously, we observed that
axotomy of the sciatic nerve results in a tendency towards a reduction in the number of
neurons expressing TH in mouse L4-5 DRGs (Brumovsky et al. 2006a). Chronic
constriction injury in rats (Herradon et al. 2008) and L5 spinal nerve ligation in transgenic
mice expressing EGFP under the TH promoter (Xie et al. 2011) also induce a decrease in
TH transcript (Herradon et al. 2008) or EGFP (Xie et al. 2011). In the present study in

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 12

mouse, we show that L6-S1-AXO induces a significant downregulation in the number of
TH-IR DRG neurons projecting through the pelvic and perineal nerves. In agreement,
axotomy of the visceral organ-targeting vagus and glossopharyngeal nerves also results in
the down-regulation of TH protein (Helke and Rabchevsky 1991) and its enzymatic activity
(Katz and Black 1986) in the nodose and petrosal ganglia, respectively. The functional role
of TH in visceral and non-visceral DRGs and cranial primary afferent neurons remains
elusive, although several lines of evidence support a role in sensation and pain (see
Brumovsky et al. 20064, b, 2012a).

The fact that rodent visceral and non-visceral DRG neurons are largely glutamatergic
(Brumovsky 2013; Keast and Stephensen 2000) has been recently confirmed by
demonstration of their expression of VGLUTSs. Thus, rodent sciatic nerve- (Brumovsky et al.
2007; Oliveira et al. 2003; Seal et al. 2009), as well as urinary bladder- (Brumovsky et al.
2012b) or colorectum-projecting DRG neurons (Brumovsky et al. 2011b) express the three
known VGLUTSs (types 1, 2 and 3). VGLUT?2 is by far the most widely expressed VGLUT
in visceral and non-visceral DRG neurons of all sizes, followed by VGLUT1 in large and
medium-sized neurons, and VGLUT3 primarily in small ones (see Brumovsky 2013).
Axotomy of the sciatic nerve in mouse reduces the number of VGLUT1- and to some extent
also VGLUT2-IR DRG neurons (Brumovsky et al. 2007). In contrast, only a modest
decrease in the number of VGLUT3 transcript expressing DRG neurons of mouse has been
demonstrated after sciatic nerve axotomy (Malet et al. 2013), suggesting that transcription
and translation of VGLUTSs may be differentially modulated after injury (Brumovsky 2013;
Malet et al. 2013). In the present study, L6-S1-AXO resulted in a modest, but significant
downregulation of the number of VGLUT2-IR neurons, leaving VGLUT1 unaffected. Such
downregulation of VGLUT2-IR DRG neurons may occur at the expense of medium-sized
neurons because large or small DRG neurons appeared largely unaffected. In addition, we
detected what appears to be an increase in the immunoreactive signal of VGLUT2 in small
DRG neurons, in agreement with a similar observation in small non-visceral neurons after
axotomy of the mouse sciatic nerve (Brumovsky et al. 2007). The lack of effect on VGLUT1
is intriguing, as injury of a non-visceral nerve clearly downregulates its protein expression
(Brumovsky et al. 2007). However, it could be speculated that since L6-S1 DRGs contain a
mixture of visceral and non-visceral neurons, the effect of peripheral nerve injury may not
apply to VGLUT1 with the same impact in both populations, resulting in a “dilution effect”
and an apparent lack of change.

Effects of L6-S1-AXO in the mouse spinal cord

Axotomy, and other types of injury, of the sciatic nerve (Hu et al. 2007; Kataoka et al. 2007;
Linda et al. 2011; Tsujino et al. 2000) or ventral root avulsion (Linda et al. 2011) induce a
marked increase in the expression of ATF3 in motoneurons in the lumbar enlargement of the
rat (Hu et al. 2007; Kataoka et al. 2007; Linda et al. 2011; Tsujino et al. 2000) and human
(Linda et al. 2011) spinal cord. Here, we show in mouse that injury of an intrapelvic nerve
also induces de novo expression of ATF3 in lumbar and lumbosacral motoneurons and in
neurons in the intermediolateral cell column at lumbosacral levels. This observation is in
line with previous studies in rat, where axotomy of the pelvic or hypogastric nerves induces
the expression of ATF3 in lumbar and sacral parasympathetic preganglionic neurons (Peddie
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and Keast 2011). At least a proportion of the motoneurons affected by L6-S1-AXO
presumably produce the efferent innervation supplied by the pudendal nerve to various
striated pelvic muscles (Van der Horst and Holstege 1998). Upregulated ATF3 in the
intermediolateral cell column of the lumbosacral spinal cord likely occurs in preganglionic
parasympathetic neurons projecting by way of the pelvic and pudendal nerves towards the
MPG (De Groat 2006; Keast 2006; Peddie and Keast 2011). On the contrary, the nature of
area X neurons showing de novo upregulation of ATF3 remains to be established. As with
DRGs, the upregulation of ATF3 in spinal cord neurons may reflect the cellular efforts for
survival and axonal regeneration after injury (Nakagomi et al. 2003; Patodia and Raivich
2012; Seijffers et al. 2007).

We observed moderate decreases in CGRP- and TRPV1-LlIs in the dorsal horn of the spinal
cord, ipsilateral to the L6-S1-AXO. The decreases were mostly seen as reductions in the
density of immunoreactive boutons and the intensity of immunoreactive signal, in laminae 1-
I11 (CGRP) or exclusively in lamina Il (TRPV1). Such modest changes contrasted with the
more dramatic downregulation of CGRP or TRPV1 observed in DRG neurons after L6-S1-
AXO. In fact, more pronounced effects were expected, considering the important
contribution of the central projections of DRG neurons to the spinal expression of CGRP
(see Shi et al. 2001a) and TRPV1 (Corder et al. 2010; Valtschanoff et al. 2001). However,
even a 14-day axotomy of the sciatic nerve in rat only results in a modest reduction (even if
more noticeable than in the present study) in the density of CGRP-IR boutons and in
fluorescence intensity in laminae I-I11 of the dorsal horn, despite the massive
downregulation observed in DRG neurons (Zhang et al. 1993). Contributions of fibers from
levels above and below the injury, as suggested by the considerable but not complete
reduction in CGRP expression after dorsal rhizotomy in rat (Chung et al. 1988; Gibson et al.
1984), cat (Gibson et al. 1984; Traub et al. 1989) and mouse (Brumovsky et al. 2005; Shi et
al. 2001a), may also in part explain the modest changes we noted. Finally, even if still
debated for TRPV1 (see Spicarova et al. 2014), discrete numbers of spinal CGRP- (Shi et al.
2001a) and TRPV1-synthesizing neurons (Doly et al. 2004a, b; Ferrini et al. 2010; Kim et al.
2012; Valtschanoff et al. 2001; Zhou et al. 2009) or glial cells (Doly et al. 2004a, b) have
been described in mouse (Ferrini et al. 2010; Kim et al. 2012; Shi et al. 2001a) and rat (Doly
et al. 20044, b; Valtschanoff et al. 2001; Zhou et al. 2009) and could mask the effects of
peripheral nerve injury. Alternatively, because neuro-transmitter depletion at central
terminals of DRG neurons may show a delay as compared to the effect observed in their cell
bodies, another possibility is that survival times longer than 7 days revealed greater
magnitude changes.

Finally, L6-S1-AXO failed to exert alterations in the expression of VGLUT1 and VGLUT?2
in the spinal cord. In a previous study in mouse, we show that axotomy of the sciatic nerve
in mouse does not induce changes in the spinal immunohistochemical expression of the
above-mentioned VGLUTSs (Brumovsky et al. 2007). Interestingly, in the first study in rats
showing VGLUT1 down-regulation in the spinal cord after sciatic nerve axotomy, the effect
was pronounced in the ventral horns and lamina V, especially from 2 weeks of survival and
onwards; a moderate effect was also observed in the superficial dorsal horn, at survival times
longer than 1 week (Hughes et al. 2004). Thus, it could be speculated that longer survival
times after L6-S1-AXO may again result in more pronounced alterations in VGLUT1-LI, at
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least in the ventral horn. As for VGLUT?2, the failure to detect changes after L6-S1 trunk
axotomy could be explained by the rather modest transport of VGLUT2 from DRG neurons
to the spinal cord (Brumovsky et al. 2007), the presence of abundant VGLUT2-expressing
local dorsal horn neurons (Alvarez et al. 2004; Brumovsky et al. 2007; Malet et al. 2013;
Morris et al. 2005; Oliveira et al. 2003; Todd et al. 2003), and even the contribution of
descending pathways (Du et al. 2012). In support of this, we observed a similar lack of
change after axotomy of the sciatic nerve for the neuropeptide tyrosine receptor type 1
(Y1R) in the superficial layers of the dorsal horn (Brumovsky et al. 2004), even when the
receptor is actively transported by the central projections of DRG neurons (Brumovsky et al.
2002). Also for the Y1R, its abundant local expression in interneurons and projection
neurons (see Brumovsky et al. 2006a) is a likely reason for the lack of changes after injury.

Nerve injury and chronic pelvic pain: potential implications

Chronic pelvic pain and nerve injury seem to be intimately related, at least in a proportion of
patients undergoing surgical procedures in the lower abdominal/pelvic cavities, having
obstetric interventions or experiencing trauma. Thus, pudendal nerve entrapment due to use
of transvaginal meshes for reconstructive surgery in women suffering pelvic organ prolapse
(Gyang et al. 2014) or to bone and muscle remodeling in athletes (Antolak et al. 2002) are
recognized causes of chronic pelvic pain. Entrapment of the ilioinguinal, iliohypogastric
and/or pudendal nerves has also been associated with postoperative pelvic pain in female
patients treated for stress incontinence with minimally invasive, tension-free, midurethral
sling (see Fisher and Lotze 2011). Pelvic and acetabular fractures (automobile accidents
being the principal cause) result in chronic persistent pelvic pain in a proportion of the
affected patients, and an association with nerve injury has been suggested (Baca et al. 2013;
Gerbershagen et al. 2010). Finally, chronic pelvic pain after hysterectomy (Brandsborg et al.
2007), cesarean section (Nikolajsen et al. 2004), difficult deliveries (Eisenach et al. 2013;
Hannah et al. 2004; Pastelin et al. 2012; Quinn 2004) and even excessive straining during
defecation (Quinn 2011) have also been linked to nerve injury. Therefore, nerve injury
remains a relevant factor associated with development of chronic pelvic pain. However, the
cellular and molecular mechanisms involved remain unknown.

Three main questions have been posed, particularly in relation to the participation of injured
nerves in chronic postsurgical pain: “...first, what level of nerve injury is required to induce
the changes that result in neuropathic pain? Second, can damage to tissues other than nerves
cause neuropathic pain? Last, what is the relative contribution of central and peripheral
changes in the nervous system?” (Macrae 2008). The results obtained in the present study in
mouse address the last question, and support the hypothesis that at least in the peripheral
nervous system the profound neurochemical changes observed after injury in ganglia
containing mixed visceral and non-visceral afferent neurons, also supporting alterations in
afferent transmission, could be relevant in generation and maintenance of chronic pelvic
pain after surgical interventions. As with non-visceral pain, more research will be needed to
better characterize these phenotypic changes and to explain if and what is the relationship
between them and the generation and maintenance of chronic pelvic pain.
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Another relevant question is, are both visceral and non-visceral nerves/sensory neurons
involved in chronic pelvic pain? In particular, when analyzing chronic postsurgical pain,
most of the emphasis seems to be put on the neuropathic pain detected in the incisional area
and its association with the injury of parietal non-visceral nerves (Brandsborg et al. 2011;
Bruce and Krukowski 2006; Burke and Shorten 2009; Dualé et al. 2014; Kehlet et al. 2006;
Possover and Lemos 2011; Reddi and Curran 2014). In fact, most analgesic strategies
designed to prevent chronic postsurgical pain used today are employed assuming that nerve
damage at the surgical incision and associated pain are the most important components
(Bouman et al. 2014; Collins et al. 2014; Ducic et al. 2006; Gyang et al. 2014; Kehlet et al.
2006; Possover and Lemos 2011; Reddi and Curran 2014). However, injury of visceral
nerves may also be of importance to chronic postsurgical pain (Cervero and Laird 1999).
This is suggested by observations in patients reporting chronic postsurgical pain after
gastrointestinal surgery not only at, or near, the operative site, but also in the central or lower
abdominal area (deep pain) (Bruce and Krukowski 2006). Further supporting altered visceral
afferent processing, it was observed that visceral pain, but not incisional and referred pain,
during the first week after laparoscopic cholecystectomy is associated with chronic
unexplained pain of more than 12 months duration (Blichfeldt-Eckhardt et al. 2014). Finally,
neuropathic pain associated with the incisional scar, as well as visceral pain traits reflected
by presence of deep abdominal and pelvic pain (often related to uterine contractions), have
been suggested to develop and even coexist in patients undergoing obstetric interventions
(Landau et al. 2013; Lavand’homme 2013). Interestingly, afferent transmission modulation
by epidural analgesia (Bouman et al. 2014) or sacral nerve stimulation (Martellucci et al.
2012) efficiently reduces the incidence of chronic postsurgical pain, including deep pain.
However, it remains to be established what is the relative effect of epidural analgesia or
sacral nerve stimulation over visceral vs. non-visceral afferents.

In conclusion, injury of a mixed visceral/non-visceral nerve leads to significant
neurochemical alterations in DRGs and the spinal cord. Changes in these and potentially
other nociception-related molecules could contribute to pain due to injury of parietal and
intrapelvic nerves. We did not study changes in DRG neurons contributing to the pelvic and
pudendal nerves in the mouse after axotomy of the L6-S1 trunk, relative to their identity as
being visceral or non-visceral, even though the proximity of the nerve cut to the cell bodies
naturally implies affecting a good proportion of both populations. Future experiments should
include evaluation of changes in identified visceral and non-visceral DRG neurons, e.g. by
means of selective axonal tracing, and analysis after more specific injuries of the pelvic,
pudendal and also parietal nerves. This will allow establishing the degree of participation of
each neuronal population in the mechanisms of chronic pelvic pain.
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Abbreviations

ATF3 Cyclic AMP-dependent transcription factor 3

CGRP Calcitonin gene-related peptide

DRG Dorsal root ganglion

IR Immunoreactive

L Lumbar

LI Like-immunoreactivity
LSC Lumbar sympathetic chain
MPG Major pelvic ganglion
nNOS Neuronal nitric oxide

NP Neuron profile

PBS Phosphate buffered saline
RT Room temperature

S Sacral

TH Tyrosine hydroxylase

TRPV1 Transient receptor potential cation channel subfamily V, member 1

VGLUT  Vesicular glutamate transporter

References

Alvarez FJ, Villalba RM, Zerda R, Schneider SP. Vesicular glutamate transporters in the spinal cord,
with special reference to sensory primary afferent synapses. J Comp Neurol. 2004; 472(3):257-280.
[PubMed: 15065123]

Antolak SJ, Hough DM, Pawlina W, Spinner RJ. Anatomical basis of chronic pelvic pain syndrome:
the ischial spine and pudendal nerve entrapment. Med Hypotheses. 2002; 59(3):349-353. [PubMed:
12208168]

Baca V, Bacova T, Grill R, Otcenasek M, Kachlik D, BartoSka R, DZupa V. Pudendal nerve in pelvic
bone fractures. Injury. 2013; 44(7):952-956. [PubMed: 23384659]

Biggs JE, Yates JM, Loescher AR, Clayton NM, Boissonade FM, Robinson PP. Changes in vanilloid
receptor 1 (TRPV1) expression following lingual nerve injury. Eur J Pain. 2007; 11(2):192-201.
[PubMed: 16542859]

Blichfeldt-Eckhardt MR, Ording H, Andersen C, Licht PB, Toft P. Early visceral pain predicts chronic
pain after laparoscopic cholecystectomy. Pain. 2014; 155(11):2400-2407. [PubMed: 25250720]

Boeshore KL, Schreiber RC, Vaccariello SA, Sachs HH, Salazar R, Lee J, Ratan RR, Leahy P,
Zigmond RE. Novel changes in gene expression following axotomy of a sympathetic ganglion: a
microarray analysis. J Neurobiol. 2004; 59(2):216-235. [PubMed: 15085539]

Bouman EA, Theunissen M, Bons SA, van Mook WN, Gramke HF, van Kleef M, Marcus MA.
Reduced incidence of chronic postsurgical pain after epidural analgesia for abdominal surgery. Pain
Pract. 2014; 14(2):E76-E84. [PubMed: 23758753]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 17

Brandsborg B, Nikolajsen L, Hansen CT, Kehlet H, Jensen TS. Risk factors for chronic pain after
hysterectomy: a nationwide questionnaire and database study. Anesthesiology. 2007; 106(5):1003-
1012. [PubMed: 17457133]

Brandsborg B, Dueholm M, Kehlet H, Jensen TS, Nikolajsen L. Mechanosensitivity before and after
hysterectomy: a prospective study on the prediction of acute and chronic postoperative pain. Br J
Anaesth. 2011; 107(6):940-947. [PubMed: 21890662]

Brennan TJ, Vandermeulen EP, Gebhart GF. Characterization of a rat model of incisional pain. Pain.

1996; 64(3):493-501. [PubMed: 8783314]

Bruce J, Krukowski ZH. Quality of life and chronic pain four years after gastrointestinal surgery. Dis
Colon Rectum. 2006; 49(9):1362-1370. [PubMed: 16741597]

Brumovsky PR. VGLUTSs in peripheral neurons and the spinal cord: time for a review. ISRN Neurol.
2013; 2013(829753):1-28.

Brumovsky PR, Shi TJ, Matsuda H, Kopp J, Villar MJ, Hokfelt T. NPY Y1 receptors are present in
axonal processes of DRG neurons. Exp Neurol. 2002; 174(1):1-10. [PubMed: 11869028]

Brumovsky PR, Bergman E, Liu HX, Hokfelt T, Villar MJ. Effect of a graded single constriction of the
rat sciatic nerve on pain behavior and expression of immunoreactive NPY and NPY Y1 receptor in
DRG neurons and spinal cord. Brain Res. 2004; 1006(1):87-99. [PubMed: 15047027]

Brumovsky P, Stanic D, Shuster S, Herzog H, Villar M, Hokfelt T. Neuropeptide Y2 receptor protein is
present in peptidergic and nonpeptidergic primary sensory neurons of the mouse. J Comp Neurol.
2005; 489(3):328-348. [PubMed: 16025447]

Brumovsky P, Hofstetter C, Olson L, Ohning G, Villar M, Hokfelt T. The neuropeptide tyrosine Y1R is
expressed in interneurons and projection neurons in the dorsal horn and area X of the rat spinal
cord. Neuroscience. 2006a; 138(4):1361-1376. [PubMed: 16448775]

Brumovsky P, Villar MJ, Hokfelt T. Tyrosine hydroxylase is expressed in a subpopulation of small
dorsal root ganglion neurons in the adult mouse. Exp Neurol. 2006b; 200(1):153-165. [PubMed:
16516890]

Brumovsky P, Watanabe M, Hokfelt T. Expression of the vesicular glutamate transporters-1 and -2 in
adult mouse dorsal root ganglia and spinal cord and their regulation by nerve injury. Neuroscience.
2007; 147(2):469-490. [PubMed: 17577523]

Brumovsky PR, Robinson DR, La JH, Seroogy KB, Lundgren KH, Albers KM, Kiyatkin ME, Seal RP,
Edwards RH, Watanabe M, Hokfelt T, Gebhart GF. Expression of vesicular glutamate transporters
type 1 and 2 in sensory and autonomic neurons innervating the mouse colorectum. J Comp Neurol.
20114a; 519(16):3346-3366. [PubMed: 21800314]

Brumovsky PR, Seroogy KB, Lundgren KH, Watanabe M, Hokfelt T, Gebhart GF. Some lumbar
sympathetic neurons develop a glutamatergic phenotype after peripheral axotomy with a note on
VGLUT(2)-positive perineuronal baskets. Exp Neurol. 2011b; 230(2):258-272. [PubMed:
21596036]

Brumovsky PR, La JH, McCarthy CJ, Hokfelt T, Gebhart GF. Dorsal root ganglion neurons
innervating pelvic organs in the mouse express tyrosine hydroxylase. Neuroscience. 2012a;
223:77-91. [PubMed: 22858598]

Brumovsky PR, Seal RP, Lundgren KH, Seroogy KB, Watanabe M, Gebhart GF. Expression of
vesicular glutamate transporters in sensory and autonomic neurons innervating the mouse bladder.
J Urol. 2012b; 189:2342-2349. [PubMed: 23159277]

Brumovsky, PR., Villar, MJ., Hokfelt, T. Retrograde cellular changes in primary afferent and
sympathetic neurons after nerve injury. In: Schmidt, R., Gebhart, GF., editors. Encyclopedia of
pain. Berlin: Springer; 2013. p. 3407-3415.

Burke S, Shorten GD. When pain after surgery doesn’t go away. Biochem Soc Trans. 2009; 37(1):318—
322. [PubMed: 19143655]

Calenda G, Strong TD, Pavlovich CP, Schaeffer EM, Burnett AL, Yu W, Davies KP, Bivalacqua TJ.
Whole genome microarray of the major pelvic ganglion after cavernous nerve injury: new insights
into molecular profile changes after nerve injury. BJU Int. 2012; 109(10):1552-1564. [PubMed:
22300381]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 18

Caterina MJ. Transient receptor potential ion channels as participants in thermosensation and
thermoregulation. Am J Physiol Regul Integr Comp Physiol. 2007; 292(1):R64-R76. [PubMed:
16973931]

Cervero F, Laird JM. Visceral pain. Lancet. 1999; 353(9170):2145-2148. [PubMed: 10382712]

Chung K, Lee WT, Carlton SM. The effects of dorsal rhizotomy and spinal cord isolation on calcitonin
gene-related peptide-labeled terminals in the rat lumbar dorsal horn. Neurosci Lett. 1988; 90(1-2):
27-32. [PubMed: 3261850]

Cohen SP, Mao J. Neuropathic pain: mechanisms and their clinical implications. BMJ. 2014;
348(f7656):1-12.

Collins SA, Joshi G, Quiroz LH, Steinberg AC, Nihira MA. Pain management strategies for
urogynecologic surgery: a review. Female Pelvic Med Reconstr Surg. 2014; 20(6):310-315.
[PubMed: 25185632]

Corder G, Siegel A, Intondi AB, Zhang X, Zadina JE, Taylor BK. A novel method to quantify
histochemical changes throughout the mediolateral axis of the substantia gelatinosa after spared
nerve injury: characterization with TRPV1 and substance P. J Pain. 2010; 11(4):388-398.
[PubMed: 20350706]

Costigan M, Befort K, Karchewski L, Griffin RS, D’Urso D, Allchorne A, Sitarski J, Mannion JW,
Pratt RE, Woolf CJ. Replicate high-density rat genome oligonucleotide microarrays reveal
hundreds of regulated genes in the dorsal root ganglion after peripheral nerve injury. BMC
Neurosci. 2002; 3:16. [PubMed: 12401135]

De Groat WC. Integrative control of the lower urinary tract: preclinical perspective. Br J Pharmacol.
2006; 147(Suppl 2):S25-S40. [PubMed: 16465182]

Doly S, Fischer J, Conrath M. The vanilloid receptor-1 (TRPV1) is expressed in some rat dorsal horn
NK1 cells. Brain Res. 2004a; 1004(1-2):203-207. [PubMed: 15033437]

Doly S, Fischer J, Salio C, Conrath M. The vanilloid receptor-1 is expressed in rat spinal dorsal horn
astrocytes. Neurosci Lett. 2004b; 357(2):123-126. [PubMed: 15036590]

Du BA, Shakya SS, Bannatyne BA, Jalicy SM, Linnen S, Maxwell DJ. Neurotransmitter phenotypes of
descending systems in the rat lumbar spinal cord. Neuroscience. 2012; 227:67-79. [PubMed:
23018001]

Dualé C, Ouchchane L, Schoeffler P, Dubray C. Neuropathic aspects of persistent postsurgical pain: a
French multicenter survey with a 6-month prospective follow-up. J Pain. 2014; 15(1) 24e21.

Ducic I, Moxley M, Al-Attar A. Algorithm for treatment of postoperative incisional groin pain after
cesarean delivery or hysterectomy. Obstet Gynecol. 2006; 108(1):27-31. [PubMed: 16816052]

Eisenach JC, Pan P, Smiley RM, Lavand’homme P, Landau R, Houle TT. Resolution of pain after
childbirth. Anesthesiology. 2013; 118(1):143-151. [PubMed: 23249931]

Ferrini F, Salio C, Lossi L, Gambino G, Merighi A. Modulation of inhibitory neurotransmission by the
vanilloid receptor type 1 (TRPV1) in organotypically cultured mouse substantia gelatinosa
neurons. Pain. 2010; 150(1):128-140. [PubMed: 20451324]

Fisher HW, Lotze PM. Nerve injury locations during retropubic sling procedures. Int Urogynecol J.
2011; 22(4):439-441. [PubMed: 21060989]

Fukuoka T, Tokunaga A, Tachibana T, Dai Y, Yamanaka H, Noguchi K. VR1, but not P2X(3),
increases in the spared L4 DRG in rats with L5 spinal nerve ligation. Pain. 2002; 99(1-2):111-
120. [PubMed: 12237189]

Garry MG, Kajander KC, Bennett GJ, Seybold VS. Quantitative autoradiographic analysis of [125I]-
human CGRP binding sites in the dorsal horn of rat following chronic constriction injury or dorsal
rhizotomy. Peptides. 1991; 12(6):1365-1373. [PubMed: 1667690]

Gerbershagen HJ, Dagtekin O, Isenberg J, Martens N, Ozgur E, Krep H, Sabatowski R, Petzke F.
Chronic pain and disability after pelvic and acetabular fractures-assessment with the Mainz Pain
Staging System. J Trauma. 2010; 69(1):128-136. [PubMed: 20093984]

Gibson SJ, Polak JM, Bloom SR, Sabate IM, Mulderry PM, Ghatei MA, McGregor GP, Morrison JF,
Kelly JS, Evans RM, et al. Calcitonin gene-related peptide immunoreactivity in the spinal cord of
man and of eight other species. J Neurosci. 1984; 4(12):3101-3111. [PubMed: 6209366]

Girard BM, Merriam LA, Tompkins JD, Vizzard MA, Parsons RL. Decrease in neuronal nicotinic
acetylcholine receptor subunit and PSD-93 transcript levels in the male mouse MPG after

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 19

cavernous nerve injury or explant culture. Am J Physiol Renal Physiol. 2013; 305(10):F1504—
F1512. [PubMed: 24049141]

Grundy D. Signalling the state of the digestive tract. Auton Neurosci. 2006; 125(1-2):76-80.
[PubMed: 16473562]

Guillery RW. On counting and counting errors. J Comp Neurol. 2002; 447(1):1-7. [PubMed:
11967890]

Gyang AN, Feranec JB, Patel RC, Lamvu GM. Managing chronic pelvic pain following reconstructive
pelvic surgery with transvaginal mesh. Int Urogynecol J. 2014; 25(3):313-318. [PubMed:
24217793]

Hannah ME, Whyte H, Hannah WJ, Hewson S, Amankwah K, Cheng M, Gafni A, Guselle P, Helewa
M, Hodnett ED, Hutton E, Kung R, McKay D, Ross S, Saigal S, Willan A. Maternal outcomes at 2
years after planned cesarean section versus planned vaginal birth for breech presentation at term:
the international randomized Term Breech Trial. Am J Obstet Gynecol. 2004; 191(3):917-927.
[PubMed: 15467565]

Helke CJ, Rabchevsky A. Axotomy alters putative neurotransmitters in visceral sensory neurons of the
nodose and petrosal ganglia. Brain Res. 1991; 551(1-2):44-51. [PubMed: 1680528]

Herradon G, Ezquerra L, Nguyen T, Wang C, Siso A, Franklin B, Dilorenzo L, Rossenfeld J, Silos-
Santiago I, Alguacil LF. Noradrenergic and opioidergic alterations in neuropathy in different rat
strains. Neurosci Lett. 2008; 438(2):186-189. [PubMed: 18472331]

Herrity AN, Rau KK, Petruska JC, Stirling DP, Hubscher CH. Identification of bladder and colon
afferents in the nodose ganglia of male rats. J Comp Neurol. 2014; 522(16):3667-3682. [PubMed:
24845615]

Hill CE, Harrison BJ, Rau KK, Hougland MT, Bunge MB, Mendell LM, Petruska JC. Skin incision
induces expression of axonal regeneration-related genes in adult rat spinal sensory neurons. J Pain.
2010; 11(11):1066-1073. [PubMed: 20627820]

Hokfelt T, Wiesenfeld-Hallin Z, Villar M, Melander T. Increase of galanin-like immunoreactivity in rat
dorsal root ganglion cells after peripheral axotomy. Neurosci Lett. 1987; 83(3):217-220. [PubMed:
2450311]

Hokfelt T, Zhang X, Wiesenfeld-Hallin Z. Messenger plasticity in primary sensory neurons following
axotomy and its functional implications. Trends Neurosci. 1994; 17(1):22-30. [PubMed: 7511846]

Hokfelt, T., Zhang, X., Villar, MJ., Xu, XJ., Wiesenfeld-Hallin, Z. Central consequences of peripheral
nerve damage. In: Koltzen-burg, M., McMahon, SB., editors. Textbook of pain. Philadelphia:
Elsevier; 2013. p. 947-959.

Hu P, Bembrick AL, Keay KA, McLachlan EM. Immune cell involvement in dorsal root ganglia and
spinal cord after chronic constriction or transection of the rat sciatic nerve. Brain Behav Immun.
2007; 21(5):599-616. [PubMed: 17187959]

Huang FL, Zhuo H, Sinclair C, Goldstein ME, McCabe JT, Helke CJ. Peripheral deafferentation alters
calcitonin gene-related peptide mMRNA expression in visceral sensory neurons of the nodose and
petrosal ganglia. Brain Res Mol Brain Res. 1994; 22(1-4):290-298. [PubMed: 8015386]

Hudson LJ, Bevan S, Wotherspoon G, Gentry C, Fox A, Winter J. VR1 protein expression increases in
undamaged DRG neurons after partial nerve injury. Eur J Neurosci. 2001; 13(11):2105-2114.
[PubMed: 11422451]

Hughes DI, Polgar E, Shehab SA, Todd AJ. Peripheral axotomy induces depletion of the vesicular
glutamate transporter VGLUT1 in central terminals of myelinated afferent fibres in the rat spinal
cord. Brain Res. 2004; 1017(1-2):69-76. [PubMed: 15261101]

Jessell T, Tsunoo A, Kanazawa |, Otsuka M. Substance P: depletion in the dorsal horn of rat spinal
cord after section of the peripheral processes of primary sensory neurons. Brain Res. 1979; 168(2):
247-259. [PubMed: 221070]

Karakiewicz PI, Bazinet M, Zvara P, Begin LR, Brock GB. Blunt cavernous nerve injury: a new animal
model mimicking postradical prostatectomy neurogenic impotence. Urol Oncol. 1996; 2(5):158—
162. [PubMed: 21224162]

Kataoka K, Kanje M, Dahlin LB. Induction of activating transcription factor 3 after different sciatic
nerve injuries in adult rats. Scand J Plast Reconstr Surg Hand Surg. 2007; 41(4):158-166.
[PubMed: 17701728]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 20

Katz DM, Black IB. Expression and regulation of catecholaminergic traits in primary sensory neurons:
relationship to target innervation in vivo. J Neurosci. 1986; 6(4):983-989. [PubMed: 2422331]

Kawamura Y, Fukaya M, Maejima T, Yoshida T, Miura E, Watanabe M, Ohno-Shosaku T, Kano M.
The CB1 cannabinoid receptor is the major cannabinoid receptor at excitatory presynaptic sites in
the hippocampus and cerebellum. J Neurosci. 2006; 26(11):2991-3001. [PubMed: 16540577]

Keast JR. Plasticity of pelvic autonomic ganglia and urogenital innervation. Int Rev Cytol. 2006;
248:141-208. [PubMed: 16487791]

Keast JR, Stephensen TM. Glutamate and aspartate immunoreactivity in dorsal root ganglion cells
supplying visceral and somatic targets and evidence for peripheral axonal transport. J Comp
Neurol. 2000; 424(4):577-587. [PubMed: 10931482]

Kehlet H, Jensen TS, Woolf CJ. Persistent postsurgical pain: risk factors and prevention. Lancet. 2006;
367(9522):1618-1625. [PubMed: 16698416]

Kim HY, Park CK, Cho IH, Jung SJ, Kim JS, Oh SB. Differential Changes in TRPV1 expression after
trigeminal sensory nerve injury. J Pain. 2008; 9(3):280-288. [PubMed: 18226965]

Kim YH, Back SK, Davies AJ, Jeong H, Jo HJ, Chung G, Na HS, Bae YC, Kim SJ, Kim JS, Jung SJ,
Oh SB. TRPV1 in GABAergic interneurons mediates neuropathic mechanical allodynia and
disinhibition of the nociceptive circuitry in the spinal cord. Neuron. 2012; 74(4):640-647.
[PubMed: 22632722]

Kubista M, Akerman B, Norden B. Characterization of interaction between DNA and 4’ ,6-
diamidino-2-phenylindole by optical spectroscopy. Biochemistry. 1987; 26(14):4545-4553.
[PubMed: 3663606]

Landau R, Bollag L, Ortner C. Chronic pain after childbirth. Int J Obstet Anesth. 2013; 22(2):133-145.
[PubMed: 23477888]

Lavand’homme P. Chronic pain after childbirth. Curr Opin Anaesthesiol. 2013; 26(3):273-277.
[PubMed: 23549199]

Lee SH, Lysiak JJ, Steers WD. Bladder and urethral function in a mouse model of cavernous nerve
injury. Neurourol Urodyn. 2013; 32(7):1038-1043. [PubMed: 23192841]

Li CQ, Xu JM, Liu D, Zhang JY, Dai RP. Brain derived neurotrophic factor (BDNF) contributes to the
pain hypersensitivity following surgical incision in the rats. Mol Pain. 2008; 4:27. [PubMed:
18637202]

Li L, Rutlin M, Abraira VE, Cassidy C, Kus L, Gong S, Jankowski MP, Luo W, Heintz N, Koerber
HR, Woodbury CJ, Ginty DD. The functional organization of cutaneous low-threshold
mechanosensory neurons. Cell. 2011; 147(7):1615-1627. [PubMed: 22196735]

Linda H, Skold MK, Ochsmann T. Activating transcription factor 3, a useful marker for regenerative
response after nerve root injury. Front Neurol. 2011; 2:1-6. [PubMed: 21331281]

Ma W, Bisby MA. Calcitonin gene-related peptide, substance P and protein gene product 9.5
immunoreactive axonal fibers in the rat footpad skin following partial sciatic nerve injuries. J
Neurocytol. 2000; 29(4):249-262. [PubMed: 11276177]

Macrae WA.. Chronic post-surgical pain: 10 years on. Br J Anaesth. 2008; 101(1):77-86. [PubMed:
18434337]

Malet M, Vieytes CA, Lundgren KH, Seal RP, Tomasella E, Seroogy KB, Hokfelt T, Gebhart GF,
Brumovsky PR. Transcript expression of vesicular glutamate transporters in lumbar dorsal root
ganglia and the spinal cord of mice: effects of peripheral axotomy or hindpaw inflammation.
Neuroscience. 2013; 248C:95-111.

Martellucci J, Naldini G, Carriero A. Sacral nerve modulation in the treatment of chronic pelvic pain.
Int J Colorectal Dis. 2012; 27(7):921-926. [PubMed: 22203519]

Martinez-Gomez M, Cruz Y, Pacheco P, Aguilar-Roblero R, Hudson R. The sensory but not muscular
pelvic nerve branch is necessary for parturition in the rat. Physiol Behav. 1998; 63(5):929-932.
[PubMed: 9618018]

Mayhew TM, Gundersen HJ. If you assume, you can make an ass out of u and me’: a decade of the
disector for stereological counting of particles in 3D space. J Anat. 1996; 188(Pt 1):1-15.
[PubMed: 8655396]

McKenna KE, Nadelhaft I. The organization of the pudendal nerve in the male and female rat. J Comp
Neurol. 1986; 248(4):532-549. [PubMed: 3722467]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 21

McMahon, SB., Priestley, JV. Nociceptor Plasticity. In: Hunt, SP., Koltzenburg, M., editors. The
neurobiology of pain. Oxford: Oxford Univ Press; 2005. p. 35-64.

Michael GJ, Priestley JV. Differential expression of the mRNA for the vanilloid receptor subtype 1 in
cells of the adult rat dorsal root and nodose ganglia and its downregulation by axotomy. J
Neurosci. 1999; 19(5):1844-1854. [PubMed: 10024368]

Miyazaki T, Fukaya M, Shimizu H, Watanabe M. Subtype switching of vesicular glutamate
transporters at parallel fibre-Purkinje cell synapses in developing mouse cerebellum. Eur J
Neurosci. 2003; 17(12):2563-2572. [PubMed: 12823463]

Moro F, Mavrelos D, Pateman KK, Holland T, Hoo W, Jurkovic D. Prevalence of pelvic adhesions on
ultrasound examination in women with a history of Caesarean section. Ultrasound Obstet Gynecol.
2014; 45(2):223-228. [PubMed: 25042444]

Morris JL, Konig P, Shimizu T, Jobling P, Gibbins IL. Most peptide-containing sensory neurons lack
proteins for exocytotic release and vesicular transport of glutamate. J Comp Neurol. 2005; 483(1):
1-16. [PubMed: 15672399]

Nahin RL, Ren K, De Leon M, Ruda M. Primary sensory neurons exhibit altered gene expression in a
rat model of neuropathic pain. Pain. 1994; 58(1):95-108. [PubMed: 7526320]

Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S, Kiyama H. Expression of the activating
transcription factor 3 prevents c-Jun N-terminal kinase-induced neuronal death by promoting heat
shock protein 27 expression and Akt activation. J Neurosci. 2003; 23(12):5187-5196. [PubMed:
12832543]

Nikolajsen L, Sorensen HC, Jensen TS, Kehlet H. Chronic pain following Caesarean section. Acta
Anaesthesiol Scand. 2004; 48(1):111-116. [PubMed: 14674981]

Nitzan-Luques A, Minert A, Devor M, Tal M. Dynamic genotype-selective “phenotypic switching” of
CGRP expression contributes to differential neuropathic pain phenotype. Exp Neurol. 2013;
250:194-204. [PubMed: 24076003]

Oliveira AL, Hydling F, Olsson E, Shi T, Edwards RH, Fujiyama F, Kaneko T, Hokfelt T, Cullheim S,
Meister B. Cellular localization of three vesicular glutamate transporter mMRNAs and proteins in rat
spinal cord and dorsal root ganglia. Synapse. 2003; 50(2):117-129. [PubMed: 12923814]

Pacheco P, Martinez-Gomez M, Whipple B, Beyer C, Komisaruk BR. Somato-motor components of
the pelvic and pudendal nerves of the female rat. Brain Res. 1989; 490(1):85-94. [PubMed:
2758331]

Pastelin CF, Zempoalteca R, Pacheco P, Downie JW, Cruz Y. Sensory and somatomotor components of
the “sensory branch” of the pudendal nerve in the male rat. Brain Res. 2008; 1222:149-155.
[PubMed: 18579123]

Pastelin CF, Juarez R, Damaser MS, Cruz Y. Neural pathways of somatic and visceral reflexes of the
external urethral sphincter in female rats. J Comp Neurol. 2012; 520(14):3120-3134. [PubMed:
22886730]

Patodia S, Raivich G. Role of transcription factors in peripheral nerve regeneration. Front Mol
Neurosci. 2012; 5:1-8. [PubMed: 22319467]

Peddie CJ, Keast JR. Pelvic nerve injury causes a rapid decrease in expression of choline
acetyltransferase and upregulation of c-Jun and ATF-3 in a distinct population of sacral
preganglionic neurons. Front Neurosci. 2011; 5:1-6. [PubMed: 21390287]

Peirce C, O’Herlihy C, O’Connell PR, Jones JF. Effect of injury on S1 dorsal root ganglia in an
experimental model of neuropathic faecal incontinence. Br J Surg. 2011; 98(8):1155-1159.
[PubMed: 21618494]

Pfaus JG, Manitt C, Coopersmith CB. Effects of pelvic, pudendal, or hypogastric nerve cuts on Fos
induction in the rat brain following vaginocervical stimulation. Physiol Behav. 2006; 89(5):627—
636. [PubMed: 16959279]

Possover M, Lemos N. Risks, symptoms, and management of pelvic nerve damage secondary to
surgery for pelvic organ prolapse: a report of 95 cases. Int Urogynecol J. 2011; 22(12):1485-
1490. [PubMed: 21979388]

Quinn M. Obstetric denervation-gynaecological reinnervation: disruption of the inferior hypogastric
plexus in childbirth as a source of gynaecological symptoms. Med Hypotheses. 2004; 63(3):390-
393. [PubMed: 15288354]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 22

Quinn MJ. Endometriosis: the consequence of uterine denervation-reinnervation. Arch Gynecol
Obstet. 2011; 284(6):1423-1429. [PubMed: 21932088]

Reddi D, Curran N. Chronic pain after surgery: patho-physiology, risk factors and prevention. Postgrad
Med J. 2014; 90(1062):222-227. [PubMed: 24572639]

Ridolfi TJ, Tong WD, Kosinski L, Takahashi T, Ludwig KA. Recovery of colonic transit following
extrinsic nerve damage in rats. Scand J Gastroenterol. 2011; 46(6):678-683. [PubMed:
21561284]

Robinson DR, Gebhart GF. Inside information: the unique features of visceral sensation. Mol Interv.
2008; 8(5):242-253. [PubMed: 19015388]

Seal RP, Wang X, Guan Y, Raja SN, Woodbury CJ, Basbaum Al, Edwards RH. Injury-induced
mechanical hypersensitivity requires C-low threshold mechanoreceptors. Nature. 2009;
462(7273):651-655. [PubMed: 19915548]

Seijffers R, Mills CD, Woolf CJ. ATF3 increases the intrinsic growth state of DRG neurons to enhance
peripheral nerve regeneration. J Neurosci. 2007; 27(30):7911-7920. [PubMed: 17652582]

Shehab SA, Atkinson ME. Vasoactive intestinal polypeptide (VIP) increases in the spinal cord after
peripheral axotomy of the sciatic nerve originate from primary afferent neurons. Brain Res. 1986;
372(1):37-44. [PubMed: 3708358]

Shi T-JS, Xu Z, Hokfelt T. The expression of calcitonin gene-related peptide in dorsal horn neurons of
the mouse lumbar spinal cord. Neuro Rep. 2001a; 12(4):739-743.

Shi TJ, Tandrup T, Bergman E, Xu ZQ, Ulfhake B, Hokfelt T. Effect of peripheral nerve injury on
dorsal root ganglion neurons in the C57 BL/6J mouse: marked changes both in cell numbers and
neuropeptide expression. Neuroscience. 2001b; 105(1):249-263. [PubMed: 11483316]

Shoja MM, Sharma A, Mirzayan N, Groat C, Watanabe K, Loukas M, Tubbs RS. Neuroanatomy of the
female abdominopelvic region: a review with application to pelvic pain syndromes. Clin Anat.
2013; 26(1):66—76. [PubMed: 23175283]

Song LJ, Zhu JQ, Xie MK, Wang YC, Li HB, Cui ZQ, Lu HK, Xu YM. Electrocautery-induced
cavernous nerve injury in rats that mimics radical prostatectomy in humans. BJU Int. 2014;
114(1):133-139. [PubMed: 24053732]

Spicarova D, Nerandzic V, Palecek J. Update on the role of spinal cord TRPV1 receptors in pain
modulation. Physiol Res. 2014; 63(Suppl 1):S225-S236. [PubMed: 24564662]

Spofford CM, Mohan S, Kang S, Jang JH, Brennan TJ. Evaluation of leukemia inhibitory factor (LIF)
in a rat model of postoperative pain. J Pain. 2011; 12(7):819-832. [PubMed: 21729793]

Sulaiman W, Gordon T. Neurobiology of peripheral nerve injury, regeneration, and functional
recovery: from bench top research to bedside application. Ochsner J. 2013; 13(1):100-108.
[PubMed: 23531634]

Takeda M, Kato H, Takamiya A, Yoshida A, Kiyama H. Injury-specific expression of activating
transcription factor-3 in retinal ganglion cells and its colocalized expression with phosphorylated
c-Jun. Invest Ophthalmol Vis Sci. 2000; 41(9):2412-2421. [PubMed: 10937548]

Tandrup T, Woolf CJ, Coggeshall RE. Delayed loss of small dorsal root ganglion cells after transection
of the rat sciatic nerve. J Comp Neurol. 2000; 422(2):172-180. [PubMed: 10842225]

ten Broek RP, Issa Y, van Santbrink EJ, Bouvy ND, Kruitwagen RF, Jeekel J, Bakkum EA, Rovers
MM, van Goor H. Burden of adhesions in abdominal and pelvic surgery: systematic review and
met-analysis. BMJ. 2013; 347(f5588):1-15.

Todd AJ, Hughes DI, Polgar E, Nagy GG, Mackie M, Ottersen OP, Maxwell DJ. The expression of
vesicular glutamate transporters VGLUT1 and VGLUT2 in neurochemically defined axonal
populations in the rat spinal cord with emphasis on the dorsal horn. Eur J Neurosci. 2003; 17(1):
13-27. [PubMed: 12534965]

Tovar A, Lara-Garcia M, Cruz Y, Pacheco P. Dorsal root activity evoked by stimulation of vagina-
cervix-uterus junction in the rat. Brain Res. 2013; 1496:49-54. [PubMed: 23270610]

Traub RJ, ladarola MJ, Ruda MA. Effect of multiple dorsal rhizotomies on calcitonin gene-related
peptide-like immunoreactivity in the lumbosacral dorsal spinal cord of the cat: a
radioimmunoassay analysis. Peptides. 1989; 10(5):979-983. [PubMed: 2608558]

Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, Yonenobu K, Ochi T, Noguchi K.
Activating transcription factor 3 (ATF3) induction by axotomy in sensory and motoneurons: a

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

McCarthy et al.

Page 23

novel neuronal marker of nerve injury. Mol Cell Neurosci. 2000; 15(2):170-182. [PubMed:
10673325]

Valtschanoff JG, Rustioni A, Guo A, Hwang SJ. Vanilloid receptor VR1 is both presynaptic and
postsynaptic in the superficial laminae of the rat dorsal horn. J Comp Neurol. 2001; 436(2):225-
235. [PubMed: 11438926]

Van der Horst VG, Holstege G. Sensory and motor components of reproductive behavior: pathways
and plasticity. Behav Brain Res. 1998; 92(2):157-167. [PubMed: 9638958]

Vestergaard S, Tandrup T, Jakobsen J. Effect of permanent axotomy on number and volume of dorsal
root ganglion cell bodies. J Comp Neurol. 1997; 388(2):307-312. [PubMed: 9368843]

Viswanathan A, Kim DH, Reid N, Kline DG. Surgical management of the pelvic plexus and lower
abdominal nerves. Neurosurgery. 2009; 65(4 Suppl):A44-A51.

Vizzard MA, Erdman SL, De Groat WC. Increased expression of neuronal nitric oxide synthase (NOS)
in visceral neurons after nerve injury. J Neurosci. 1995; 15(5 Pt 2):4033-4045. [PubMed:
7538569]

von Hehn CA, Baron R, Woolf CJ. Deconstructing the neuropathic pain phenotype to reveal neural
mechanisms. Neuron. 2012; 73(4):638-652. [PubMed: 22365541]

Wasowicz K. Effect of total or partial uterus extirpation on uterus-projecting neurons in porcine
inferior mesenteric ganglion. A. Changes in expression of transmitter-synthesizing enzymes-
tyrosine hydroxylase, dopamine beta-hydroxylase and choline acetyltransferase. Pol J Vet Sci.
2003; 6(2):131-145. [PubMed: 12817784]

Xiao HS, Huang QH, Zhang FX, Bao L, Lu YJ, Guo C, Yang L, Huang WJ, Fu G, Xu SH, Cheng XP,
Yan Q, Zhu ZD, Zhang X, Chen Z, Han ZG. Identification of gene expression profile of dorsal
root ganglion in the rat peripheral axotomy model of neuropathic pain. Proc Natl Acad Sci USA.
2002; 99(12):8360-8365. [PubMed: 12060780]

Xie W, Strong JA, Mao J, Zhang JM. Highly localized interactions between sensory neurons and
sprouting sympathetic fibers observed in a transgenic tyrosine hydroxylase reporter mouse. Mol
Pain. 2011; 7:53. [PubMed: 21794129]

Yalamuri SM, Brennan TJ, Spofford CM. Neuropeptide Y is analgesic in rats after plantar incision.
Eur J Pharmacol. 2013; 698(1-3):206-212. [PubMed: 23123350]

Yamashita S, Kato R, Kobayashi K, Hisasue S, Arai Y, Tsukamoto T. Nerve injury-related erectile
dysfunction following nerve-sparing radical prostatectomy: a novel experimental dissection
model. Int J Urol. 2009; 16(11):905-911. [PubMed: 19780868]

Zakir HM, Mostafeezur RM, Suzuki A, Hitomi S, Suzuki I, Maeda T, Seo K, Yamada Y, Yamamura K,
Lev S, Binshtok AM, lwata K, Kitagawa J. Expression of TRPV1 channels after nerve injury
provides an essential delivery tool for neuropathic pain attenuation. PLoS ONE. 2012;
7(9):e44023. [PubMed: 22962595]

Zhang X, Ju G, Elde R, Hokfelt T. Effect of peripheral nerve cut on neuropeptides in dorsal root
ganglia and the spinal cord of monkey with special reference to galanin. J Neurocytol. 1993;
22(5):342-381. [PubMed: 7686215]

Zhou HY, Chen SR, Chen H, Pan HL. The glutamatergic nature of TRPV1-expressing neurons in the
spinal dorsal horn. J Neurochem. 2009; 108(1):305-318. [PubMed: 19012737]

Brain Struct Funct. Author manuscript; available in PMC 2017 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

McCarthy et al.

a = vqj ﬁT‘_‘ K Fe® T s
ATy, - S -Conira 2, Zsvsn D, & S lpst
TR ST Voo 07 020 e gD Ve
, : T 477 ~ o clns
. ] N e 8 ;@
).A g;}t é“ v A ; {I' £ 5 ’1"'“’ :,;
= w\t } g. ¢ 2 g P'° 2 ..Q‘
6 o b s ¢ 200
t: v & -~ 6’\}‘ P v ‘ * D .x, v
y » AR & e fB zk o ,*3*
¥ "Vg pg ‘) o8 .0.; - o ‘ig)en @ ’n.
/A BT e N egul AW Py oF
- 4 D alis &Q
Shemn LB-Contra . LB 2fpsi

Immunohistochemical visualization of ATF3 and CGRP in L6 and S1 DRG neurons of L6-
S1-AXO and sham mice. Bright-field photomicrographs of sections of contralateral (a, c, e,
g) and ipsilateral (b, d, f, h) S1 (a, b) and L6 (c-h) DRGs of L6-S1-AXO (a, b, ¢, f) or
sham (c, d, g, h) mice, after incubation with ATF3 (a—d) or CGRP (e-h) antisera.
(Arrowheads show ATF3-(a—d) or CGRP- (e-h) IR NPs). a—d Only rare ATF3-IR NPs are
observed in contralateral S1 or L6 DRGs from L6-S1-AXO (a) or sham (c) mice. In
contrast, a dramatic upregulation in the number of ATF3-IR NPs is observed in the
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ipsilateral DRGs of L6-S1-AXO mice, encompassing various cell body sizes (b). Note the
lateralization of the nucleus of several of the ATF3-IR NPs. Sham mice show a much
smaller increase in the number of ATF3-IR NPs, mostly of small size (d). e-h Many CGRP-
IR NPs of different sizes and a noticeable CGRP-IR neuropil are detected in contralateral L6
DRGs from L6-S1-AXO (e) or sham (g) mice. In contrast, L6-S1-AXO induces a
considerable downregulation of the number of CGRP-IR NPs in the DRG of L6-S1-AXO
mice, and only a few small, medium-sized and large NPs expressing the peptide remain (f).
In sham mice, the number of CGRP-IR NPs and the presence of CGRP-IR nerve fibers
remain unaltered (h). Scale bar50 pm (h = a—g)
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Fig. 2.

Immunohistochemical visualization of TRPV1 and TH in L6 and S1 DRG neurons of L6-
S1-AXO and sham mice. Bright-field photomicrographs of sections of contralateral (a, c, e,
g) and ipsilateral (b, d, f, h) S1 (a—d, g, h) and L6 (e, f) DRGs of L6-S1-AXO (a, b, e, f) or
sham (c, d, g, h) mice, after incubation with TRPV1 (a—d) or TH (e-h) antisera.
(Arrowheads show TRPV1- (a—d) or TH- (e-h) IR NPs). a—d Several small and medium-
sized TRPV1-IR NPs are observed in contralateral S1 DRGs from L6-S1-AXO (a) or sham
(c) mice. Several TRPV1-IR nerve fibers within these ganglia are also apparent (a). In
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contrast, a pronounced decrease in the number of TRPV1-IR NPs is observed in the
ipsilateral DRGs of L6-S1-AXO mice, and only a few immunoreactive NPs remain (b). The
number of TRPV1-IR NPs and the presence of TRPV1-IR nerve fibers in sham mice DRGs
show no apparent change (d). e-h A number of small and medium-sized TH-IR NPs are
detected in contralateral L6 and S1 DRGs from L6-S1-AXO (e) or sham (g) mice,
respectively. L6-S1-AXO results in the downregulation of the number of TH-IR NPs (f). L6-
S1-AXO also seems to reduce the number of TH-IR nerve fibers (f). In sham mice, neither
the number of TH-IR NPs nor the presence of TH-IR nerve fibers appears to be altered (h).
Scale bar50 um (h = a—q)
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Fig. 3.
Immunohistochemical visualization of VGLUT1 and VGLUT?2 in L6 and S1 DRG neurons

of L6-S1-AXO and sham mice. Bright-field photomicrographs of sections of contralateral
(a, c, e, g,1) and ipsilateral (b, d, f, h, j) L6 (a—d) and S1 (e—j) DRGs of L6-S1-AXO (a, b,
e—h) or sham (c, d, i, j) mice, after incubation with VGLUT1 (a—d) or VGLUT2 (e—j)
antisera. (Arrowheads show VGLUT1-(a—d) or VGLUT2- (e-j) IR NPs. Double arrowheads
show intensely VGLUT2-IR NPs. g, h High power magnifications of the boxesin e and f,
respectively). a—d A number of medium-sized and large VGLUT1-IR NPs are observed in
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contralateral L6 DRGs from L6-S1-AXO (a) or sham (c) mice. The number of VGLUT1-IR
NPs remains unaltered in ipsilateral DRGs of L6-S1-AXO (b) or sham (d) mice. e—j
Abundant VGLUT2-IR NPs of all sizes are observed in contralateral S1 DRGs from L6-S1-
AXO (e, g) or sham (i) mice. L6-S1-AXO induces a modest downregulation of the number
of VGLUT2-IR NPs (f, h). Some small and medium-sized DRG NPs remain, while several
other small NPs apparently exhibiting a stronger VGLUT2-LI, normally obscuring the
observation of the nucleus, are also observed (f, h). In sham mice, neither the number nor
the appearance of VGLUT2-IR NPs varied noticeably (j). Scale bars 100 pm (h = g), 50 um

(=a-f1ij)
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Fig. 4.
Cell body size distribution of VGLUT2-IR NPs in L6-S1 DRGs of L6-S1-AXO and sham

mice. a Histogram shows VGLUT2-IR NPs size distribution, parceled into 200-um? bins. b
Data in (a) are grouped based on the regular distribution of mouse DRG NPs in small (0-
400 um?), medium-sized (400-1225 pm2) or large (1225-more) categories (arrows show the
tendency of decrease in the numbers of medium-sized VGLUT2-IR NPs)
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Immunohistochemical visualization of ATF3 in the LS or S spinal cord of L6-S1-AXO and
sham mice. Bright-field photomicrographs of transverse sections of the mouse LS (a, c-f) or
S (b, g) spinal cord after incubation with ATF3 antiserum (c is a high power magnification
of the boxin a). a—d L6-S1-AXO results in upregulation of ATF3 in motoneurons (b/ack
and white arrows in a—c) and smaller neurons in the intermediolateral cell column
(arrowheads in a, d). ¢, d A high power magnification of a highlights the presence of ATF3-
IR neurons in the medial (black arrows) and lateral (white arrows) aspects of the ventral
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horn, as well as in neurons in the intermediolateral cell column (arrowheads). More
abundant neurons in this location are also shown in d (arrowheads). e Very rarely, ATF3-IR
neurons are detected in area X (double arrowheads) towards the ipsilateral side of the spinal
cord in an L6-S1-AXO mouse. Expression of ATF3 in the spinal cord of sham mice was
never detected in neurons in the intermediolateral cell column (f) and was limited to a few
motoneurons in the medial aspects of the ventral horn (black arrowin g). Scale bars 100 pm
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Fig. 6.
Immunohistochemical visualization of CGRP in the LS dorsal horn of the spinal cord of L6-

S1-AXO0 and sham mice. Bright-field photomicrographs of transverse sections of the mouse
LS dorsal horn of the spinal cord of L6-S1-AXO (a, b, e, f) or sham (c, d, g, h) mice after
incubation with CGRP antiserum (e~h are high power magnifications of the boxesin a—d,
respectively). a—h Dense CGRP-LI is detected in the contralateral superficial dorsal horn of
L6-S1-AXO and sham mice (a, c, e, g). L6-S1-AXO induces a modest decrease in the
density and staining intensity of CGRP-IR nerve fibers and boutons in the superficial dorsal
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horn (b, f). In contrast, sham mice do not show a noticeable change in CGRP-LI in the
dorsal horn. Scale bars 100 um (d = a—c); 10 um (h = e-g)
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Immunohistochemical visualization of TRPV1 in the LS dorsal horn of the spinal cord of
L6-S1-AXO and sham mice. Bright-field photomicrographs of transverse sections of the
mouse LS dorsal horn of the spinal cord of L6-S1-AXO (a, b, e, f) or sham (c, d, g, h) mice
after incubation with TRPV1 antiserum (e-h are high power magnifications of the boxes in
a—d, respectively). a—h TRPV1-L1I is detected in the contralateral superficial dorsal horn of
L6-S1-AXO and sham mice (a, c, e, g). L6-S1-AXO induces a decrease in the density of
TRPV1-IR nerve fibers and boutons in the superficial dorsal horn, especially in lamina Il (b,
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f). In contrast, sham mice do not show a noticeable change in TRPV1-L1I in the dorsal horn.
Scale bars 100 um (d = a—c); 10 um (h = e—g)
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Fig. 8.
Immunohistochemical visualization of VGLUT1 and VGLUT?2 in the LS dorsal horn of the

spinal cord of L6-S1-AXO and sham mice. Bright-field photomicrographs of transverse
sections of the mouse LS dorsal horn of the spinal cord of L6-S1-AXO (a, b) or sham (c, d)
mice after incubation with VGLUT1 (a, ¢) or VGLUT?2 (b, d) antisera (asterisks show injury
side). a—d VGLUT1-IR neuropil is detected in laminae I, I11-V1I, the outer aspects of area X
and the ventral horn of L6-S1-AXO (a) and sham (c) mice. Such distribution shows different
densities, being lesser in the ventral horns and nonexistent in lamina Il (a, c). In contrast,
very abundant VGLUT2-IR neuropil is detected in the gray matter of the LS spinal cord of
L6-S1-AXO (b) and sham (d) mice. The neuropil appears to be slightly denser in the
superficial dorsal horn and around the central canal (b, d). Neither the distribution nor
intensity of VGLUT1- or VGLUT2-LIs appears to differ when comparing L6-S1-AXO and
sham mice (a, b vs. ¢, d). Scale bars 100 um (d = a—c)
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