1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s, NIH Public Access

Y (A
] a2 g  Author Manuscript
PSS

Published in final edited form as:
Pain. 2007 April ; 128(3): 235-243.

Convergence of Bladder and Colon Sensory Innervation Occurs
at the Primary Afferent Level

Julie A. Christianson®, Ruomei Liang?, Elena E. Ustinova?, Brian M. Davis&, Matthew O.
Fraserb, and Michael A. Pezzone@

a Department of Medicine, Division of Gastroenterology, Hepatology & Nutrition, University of Pittsburgh
School of Medicine, Pittsburgh, Pennsylvania, 15213 USA

b Department of Surgery, Division of Urology, Duke University Medical Center and DurhamVVAMC, Durham,
NC 27705 USA

Abstract

Dichotomizing afferents are individual dorsal root ganglion (DRG) neurons that innervate two
distinct structures thereby providing a form of afferent convergence that may be involved in pelvic
organ cross-sensitization. To determine the distribution of dichotomizing afferents supplying the
distal colon and bladder of the Sprague-Dawley rat and the C57BI/6 mouse, we performed concurrent
retrograde labeling of urinary bladder and distal colon afferents using cholera toxin subunit B (CTB)
fluorescent conjugates. Animals were perfused 4-5 days after sub-serosal organ injections, and the
T10-S2 DRG were removed, sectioned, and analyzed using confocal microscopy. In the rat, CTB-
positive afferents retrogradely labeled from the bladder were nearly 3 times more numerous than
those labeled from the distal colon, while in the mouse, each organ was equally represented. In both
species, the majority of colon and bladder afferents projected from lumbosacral (LS) ganglia and
secondarily from thoracolumbar (TL) ganglia. In the rat, 17% of the total CTB-positive neurons were
retrogradely labeled from both organs with 11% localized in TL, 6% in LS, and 0.8% in thoracic
(TH) ganglia. In the mouse, 21% of the total CTB-positive neurons were dually-labeled with 12%
localized in LS, 4% in TH, and 4% in TL ganglia. These findings support the existence of
dichotomizing pelvic afferents, which provide a pre-existing neuronal substrate for possible
immediate and maintained pelvic organ cross-sensitization and ultimately may play a role in the
overlap of pelvic pain disorders.
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INTRODUCTION

Chronic pelvic pain (CPP) can develop following acute or chronic irritation of individual pelvic
visceral organs, their associated striated sphincters, other striated muscular structures of the
pelvic floor, or striated and cutaneous components of the pelvic abdominal wall and/or
perineum (Doggweiler-Wiygul et al. 2001). CPP affects 15% of both men and women, and
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commonly involves the pelvic cavity, as in irritable bowel syndrome (IBS) and interstitial
cystitis (IC), and/or the pelvic floor (Berger et al. 1998;Clemens et al. 2005;Mathias et al.
1996;Moldwin 2002;Wesselmann 2001;Zondervan et al. 2001). Considering that the
colorectum and urinary bladder, exclusive from other pelvic organs, function as an integral
part of daily, physiological pelvic activity, it is not surprising that IBS and IC, analogous
disorders of pelvic visceral pain and urgency, account for half of all cases of CPP (Zondervan
et al. 1999).

Neural “cross-talk” within the pelvis is necessary for the normal regulation of sexual, bladder,
and bowel function and is likely mediated by the convergence of sensory pathways in the spinal
cord (de Groat and Booth 1993;de Groat et al. 1993a;de Groat et al. 1981;de Groat et al.
1993b;de Groat and Steers 1981;Janig and Koltzenburg 1990). We recently provided evidence
of pre-existing neural pathways in the development of pelvic organ cross-sensitization by
demonstrating that colonic hypersensitivity develops following the induction of acute cystitis
and vice versa (Pezzone et al. 2005). Follow-up studies in our laboratory employing single unit
C-fiber bladder afferent recording revealed that acute colonic irritation is capable of sensitizing
urinary bladder afferents to mechanical and chemical stimuli, and interruption of the neural
input to the bladder can ameliorate this effect, suggesting a direct afferent pathway from the
colon (Ustinova et al. 2006).

Although these pre-existing afferent pathways have not been extensively studied in the setting
of CPP, viscero-visceral sensitization in the pelvis and the development of overlapping CPP
disorders could originate peripherally via antidromic axon reflexes from a single dichotomizing
primary afferent supplying two structures (pre-spinal convergence). Dichotomizing neurons
within the dorsal root ganglia (DRG) were first proposed by Sinclair (Sinclair et al. 1948), and
have been shown in several species to range from 0.5-15% of all afferents (McNeill and Burden
1986). It has been reported that there are 2.3 times as many peripheral nerve fibers as there are
cell bodies in corresponding sacral DRG, which was interpreted as playing a role in referred
pain via dichotomizing sacral afferents (Langford and Coggeshall 1981). By means of such a
pathway, irritation of one pelvic organ may lead to referred pain and/or neurogenic
inflammation in another organ via backfiring of afferent terminals emanating from the same
DRG neuron.

To determine whether dichotomizing DRG neurons supplying the pelvic viscera may
contribute to our model of cross-organ sensitization, we performed concomitant retrograde
labeling of both urinary bladder and distal colon afferents in Sprague-Dawley rats and C57BI/
6 mice rats using fluorescent cholera toxin B conjugates.

MATERIALS and METHODS

Animals

Experiments were performed on male Sprague-Dawley rats, 200-250 g in weight (Hilltop Lab
Animals, Inc.; Scottsdale, PA), and six-week old male C57BI/6 mice (Charles River,
Wilmington, MA). Animals were housed in standard polypropylene cages with ad libitum
access to food and water in the Department of Laboratory Animal Resources at the University
of Pittsburgh. All studies were approved by the University of Pittsburgh’s Institutional Animal
Care & Use Committee and were found to meet the standards for humane animal care and use
as set by the Animal Welfare Act and the NIH Guide for the Care and Use of Laboratory
Animals.
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Fluorescent Retrograde Tracers

Cholera toxin subunit B (recombinant) conjugates (Alexa Fluor 488 and 647) were purchased
from Molecular Probes (Eugene, OR) and used at concentrations of 2 mg/ml in phosphate-
buffered saline. Absorption and fluorescent emission maxima of the Alexa Fluor 488 conjugate
was 495 and 519 nm, respectively, while that of the Alexa Fluor 647 conjugate was 650 and
668 nm, respectively.

Animal Surgery

All surgical procedures were performed under sterile conditions in a designated animal surgery
area. Sprague-Dawley rats (n=5) were anesthetized using 4% inhaled isoflurane, and via a
midline laparotomy and under the guidance of a Leica MZ6 dissecting stereomicroscope (Leica
Microsystems, Inc., Wetzlar, Germany), 10ul of Alexa Fluor 647-conjugated cholera toxin
subunit B (CTB) was injected circumferentially and subserosally into the distal colon (2—4 cm
from the anal verge) in 2-3ul increments using dye-dedicated, 25uL Hamilton syringes fitted
with 30 gauge needles. Prior to tracer injection, the needle tip was tunneled 4 mm subserosally
to prevent back flow from the injection site into the peritoneum upon needle withdrawal. In
addition, each puncture site was swabbed with fresh cotton-tipped applicators to absorb any
potentially leaking tracer. Similarly, 10ul of Alexa Fluor 488-conjugated CTB was injected
into the urinary bladder body bilaterally. Prior to closing, the peritoneal cavity was lavaged
with warm saline. Animals were prophylactically treated with ampicillin, 100 mg/kg (Fort
Dodge, Fort Dodge, 1A)

Mice (n=5) were anesthetized by inhaled isoflurane, followed by intraperitoneal injection of
2.5% avertin in saline (2,2,2-tribromoethanol and tert-amyl alcohol diluted in 0.9% saline;
20ul/g body weight). A laparotomy was made to expose the pelvic viscera. Using a Hamilton
microsyringe (33 gauge needle), a single 5uL injection of Alexa Fluor 647-conjugated CTB
was made beneath the serosal layer in the distal region of the colon, 1 cm proximal to the anus.
A second single 5 pL injection of Alexa Fluor 488-conjugated CTB was made beneath the
serosal layer in the urinary bladder body. As above, injection sites were swabbed to remove
any excess of tracer and the wounds were sutured shut. Previously we have applied 5uL of
CTB onto the serosal surface of the distal colon (and adjacent tissues) to determine the extent
of retrograde labeling that might arise from dye leakage (n=3). On average, this resulted in
only 2 CTB-positive cells per section in the L6 ganglia (Christianson et al. 2006b).

In some rats, the urinary bladder was completely denervated (n=4) prior to tracer injection.
This involved blunt dissection and cutting of visible post-ganglionic fibers projecting to the
bladder.

Tissue Processing

Five days following laparotomy, rats were anesthetized with pentobarbital (100 mg/kg) and
transcardially perfused with ice-cold 4% paraformaldehyde in 0.1M phosphate buffer (PB),
pH 7.4. Mice were anesthetized as described above and similarly perfused four days following
surgery. Paired T10-S2 dorsal root ganglia (DRG) were dissected and embedded into 10%
gelatin. The embedded tissue was post-fixed for 1 hour at 4°C and cryoprotected in 25% sucrose
at 4°C overnight. Mouse DRGs were sectioned at 35um and rat DRGs were sectioned at
50um on a sliding microtome and stored at 4°C in 0.1M PB. Every other section was mounted
in 0.1% gelatin onto Superfrost microscope slides (Fisher Scientific, Pittsburgh, PA).

Confocal Microscopy

Sections were viewed using a Leica confocal microscope (Leica Microsystems; Wetzlar,
Germany). Ganglia pairs were embedded and processed together, however only the ganglion
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with the most complete series of sections was analyzed for quantification of CTB-positive
neurons. To visualize CTB-positive neurons, 16um thick optical sections were captured for
every other tissue section throughout each ganglion using a 20X objective. Each optical section
was further divided into four transverse sections and the number of CTB-positive neurons from
the topmost and bottommost section was counted and averaged together. Any CTB-positive
neurons present in both sections were not counted to ensure that large cells were not
disproportionately represented as recommended by the stereological technique contained in
Pakkenberg and Gundersen (1988). The total number of CTB-positive neurons was calculated
for each ganglion by multiplying the number of CTB-positive cells counted in each section by
two. Adobe Photoshop 7.0 (Adobe Systems Incorporated, San Jose, CA) was used to adjust
photomicrographs for brightness/contrast and to construct all figures.

Statistical Analysis

RESULTS

Rat

The average number of CTB-labeled cells was calculated for each DRG level and doubled to
represent the entire ganglion. Comparisons were made using one-way analysis of variance
(ANOVA) and Fisher’s post-hoc test for multiple comparisons (PLSD; StatView, SAS Institute
Inc, Cary, NC). All data are expressed as mean + SEM.

Four-to-five days following urinary bladder and distal colon injections of Alexa Fluor 488-
and 647-conjugated cholera toxin B (CTB), respectively, retrogradely-labeled cell bodies in
rat and mouse T10-S2 DRG were identified using fluorescent confocal microscopy. CTB binds
with high affinity to the neuronal GM; monosialoganglioside and undergoes fast retrograde
axonal transport (102 mm/day) (Wu et al. 1999). While CTB has most commonly been used
to retrogradely label large, myelinated somatic afferents (Robertson and Arvidsson 1985), CTB
has also been shown to be more efficient at labeling unmyelinated visceral afferents than either
wheat germ agglutinin or isolectin B4 (Wang et al. 1998). CTB-positive bladder afferents
contained only Alexa Fluor 488 (green), colon afferents contained only Alexa Fluor 647 (red),
and dichotomizing or dually-projecting afferents contained both Alexa Fluor dyes (yellow;
Fig. 1 and Fig. 2). Nearly all CTB-positive cells were small-to-medium in size and displayed
dense cytoplasmic staining. Ganglia were grouped according to spinal level and relative
distribution of CTB-positive neurons. In the rat, ganglia were grouped into thoracic (TH, T10-
T12), thoracolumbar (TL, T13-L2) and lumbosacral (LS, L6-S1), while in the mouse, ganglia
were grouped into TH (T10-T12), TL (T13-L1), and LS (L5-S1). The L2-L4 and S2 ganglia
in the mouse and the L3-L5 and S2 ganglia in the rat did not contain appreciable numbers of
CTB-positive afferents (< 2 cells/ganglion) and were therefore excluded from comparisons.

Injection of CTB into the urinary bladder and distal colon of the rat resulted in 987 + 46 CTB-
positive DRG neurons per animal (Table 1). CTB-positive afferents retrogradely labeled from
the urinary bladder were approximately 2.8 times more numerous than those labeled from the
distal colon (597 £ 28 vs. 216 = 17, P < 0.0001) and 3.5 times more numerous than those
labeled from both organs (174 + 28, P < 0.0001; Table 1, Fig. 3A). Specifically, 60% + 1 of
the CTB-positive neurons were exclusively labeled from the bladder, 22% + 2 were exclusively
labeled from the distal colon (P < 0.0001), and 17% + 2 were labeled from both organs (P <
0.0001; Fig. 3B).

The LS ganglia of the rat contained a significantly greater percentage of CTB-positive afferents
(62% =+ 4) than either the TH (2.7% + 1) or TL ganglia (35% + 3, P < 0.0001) (Table 1). With
respect to organ-specific projection patterns, bladder and distal colon afferents were similarly
more prevalentinthe LS ganglia (Table 1, Fig. 4A). Bladder-specific afferents in the LS ganglia
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comprised 41% + 3 of all CTB-positive afferents, whereas bladder-specific afferents in the TH
and TL ganglia comprised only 1.7% + 1 and 18% = 3 of the total population, respectively
(P <0.0001 vs. LS; Fig. 4A). Colon-specific afferents had a similar distribution comprising
16% = 1 (LS), 6.5% = 1 (TL) and 0.2% + 0.1 (TH) of the total population of CTB-positive
afferents (P < 0.05 vs. LS; Fig. 4A). In contrast to bladder- and colon-specific afferents,
afferents labeled from both organs were preferentially observed in the TL ganglia. Dually-
labeled afferents in the TL ganglia comprised 11% + 1 of the total CTB-positive afferents,
compared to only 0.8% + 0.3 and 6% + 1 in the TH and LS ganglia, respectively (P < 0.05;
Fig. 4A). Of the total CTB-positive afferents observed, bladder afferents in the TL and LS
ganglia were significantly more prevalent than either colon or dually-projecting afferents (P <
0.05), however no significant difference was observed between the three afferent types in the
TH ganglia (P > 0.05; Table 1, Fig. 4A).

Analysis of the composition of CTB-positive afferents within each spinal level revealed that
dually-labeled afferents were more prevalent within the TH and TL ganglia (Fig. 5A). Dually-
projecting afferents comprised 38% and 31% of all CTB-positive afferents within the TH and
TL ganglia, respectively, compared to only 9% within the LS ganglia (P < 0.05 vs. TH; Fig.
5A). Furthermore, as depicted in Figure 5A, in the more rostral ganglia, colon afferents were
more likely to be represented by the dually-projecting population than the colon-specific
population (37.7% vs 7.7%; TH) (30.9% vs. 18.1%; TL). This trend was not observed among
bladder afferents.

Injection of CTB into the urinary bladder and distal colon of the mouse resulted in an average
total of 798 + 123 CTB-positive DRG neurons per animal (Table 1). In contrast to the rat,
equivalent numbers of CTB-labeled DRG cells were retrogradely labeled from the urinary
bladder (313 £ 75) and the distal colon (328 £ 37, P > 0.05; Table 1, Fig. 3A). Specifically,
37% + 5 of the CTB-positive afferents were exclusively labeled from the bladder, 43% + 3
were exclusively labeled from the distal colon, and 21% + 5 were labeled from both organs
(P < 0.05 vs. bladder and colon afferents; Fig. 3B).

Similar to the findings in the rat, a significantly larger percentage of CTB-labeled bladder
afferents was observed within the LS ganglia (71% = 4) than in either the TH (11% + 2) or TL
ganglia (18% + 3, P < 0.0001) (Table 1). The LS ganglia in the mouse contained the largest
percentage of CTB-positive afferents projecting exclusively to the bladder or the colon alone
as well as those projecting to both organs (Fig. 4B). This is in contrast to the rat, where the
largest population of dually-projecting afferents was in the TL ganglia (Figs. 4A and 4B).
Bladder-specific afferents made up 3% + 2 (TH), 7% + 1 (TL), and 27% + 3 (LS, P < 0.0001)
of all CTB-positive afferents, while colon-specific afferents made up 4% + 2 (TH), 7% + 3
(TL), and 31% 4 (LS, P < 0.05; Fig. 4B) of all CTB-positive afferents. Dually-projecting
afferents made up 4% + 2 (TH), 4% £+ 1 (TL) and 12% + 3 (LS, P < 0.05) of all CTB-positive
afferents (Fig. 4B). Only within the LS ganglia was there a significant difference in the
prevalence of the three afferent types, in that the percentage of dually-projecting afferents was
significantly lower than that of either bladder or colon afferents (P < 0.05; Fig. 4B).

Analysis of the composition of CTB-positive afferents within each spinal level of the mouse
also revealed that dually-projecting afferents were most prevalent among TH afferents (Fig.

5B). Dually-projecting afferents comprised 39% + 12 of all CTB-positive afferents within the
TH ganglia, whereas they comprised only 21% + 3 and 19% = 6 of the CTB-positive afferents
within the TL and LS afferents, respectively (Fig. 5B). While this decrease in dually-projecting
afferents was not significant, it did suggest a trend similar to that observed in the rat where the
highest occurrence of dichotomizing afferents was observed within the more rostral ganglia,
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despite the more caudal ganglia containing a significantly higher percentage of total CTB-
positive neurons.

Bladder Denervation

Surgical denervation of the urinary bladder was performed in 4 rats to determine whether CTB
leakage might result in false-positive dually-projecting afferents. Only TL and LS ganglia were
examined due to the very small number of CTB-positive afferents present in the TH ganglia
(< 3% of the total). Following denervation of the bladder (DB) and tracer injection into both
the bladder and the distal colon, the total number of labeled CTB-positive afferents decreased
from 973 £ 48 in control rats to 322 + 31 in DB rats (P <0.0001). As expected, the total number
of bladder-specific CTB-positive afferents was significantly decreased from 580 £ 24 in control
rats to 56 £+ 10 in DB rats (P < 0.0001; Fig. 6A). This decrease was observed in both the TL
and LS ganglia, where the number of bladder-specific afferents significantly decreased from
182 + 34 in the control TL ganglia to 51 + 15 in the DB TL ganglia (P < 0.05; Fig. 6B) and
398 £ 33 in the control LS gangliato 5 + 4 in the DB LS ganglia (P < 0.05; Fig. 6C). The total
number of dually-projecting CTB-positive afferents was also significantly decreased from 166
+ 28 in control rats to 41 + 18 in DB rats (P < 0.05; Fig. 6A). The number of dually-projecting
afferents in the TL ganglia was significantly decreased from 109 £ 20 in the control group to
22 £ 15 in the DB group (P < 0.05; Fig. 6B). Dually-projecting afferents in the LS ganglia
were also decreased in number between the control (59 £ 15) and DB rats (19+ 16), however
the difference was not significant (P > 0.05; Fig. 6C), due presumably to the low number of
dichotomizing afferents normally seen at this level and the high variability associated with the
number of afferents arising from LS ganglia. As expected, the number of CTB-positive
afferents projecting to the colon was not significantly different between control and DB rats
either overall or within each spinal level (P > 0.05; Fig. 6A).

DISCUSSION

Using fluorescent conjugates of cholera toxin subunit B (CTB), we have successfully identified
individually- and dually-labeled pelvic afferents supplying the distal colon and urinary bladder
in Sprague-Dawley rats and C57BI/6 mice. Antidromic axon reflexes, a form of pre-spinal
convergence whereby a single dichotomizing primary afferent supplies two pelvic structures
(i.e. the distal colon and urinary bladder), could contribute to the common clinical overlap of
IBS, IC, and other CPP disorders (Alagiri et al. 1997;Prior et al. 1989;Whorwell et al. 1986).
As we have recently shown, cross-organ pelvic reflexes, as well as, cross-organ alterations in
physiological functioning and sensation following irritation (bladder-to-bowel and vice versa),
suggested the involvement of pre-existing dichotomous afferent pathways in the pelvis
(Pezzone et al. 2005). This putative role of afferent pathways was further verified by single
unit recordings of C-fiber bladder afferents within the pelvic nerve that exhibited sensitized
mechanical and chemogenic response properties following acute colonic irritation with
trinitrobenzenesulfonic acid (TNBS) (Ustinova et al. 2006). Moreover, interruption of extrinsic
neural input to the bladder ameliorated this effect, further confirming a neurogenic process
originating in the colon. Thus, it was concluded that bowel-to-bladder, cross-organ afferent
sensitization may occur peripherally, via antidromic axon reflexes from a single dichotomizing
primary afferent supplying both the bowel and bladder as well as centrally via spinal or supra-
spinal circuits (Ustinova et al. 2006).

Similar to previous studies, we found the fluorescent conjugates of CTB to be very efficient
in labeling visceral afferents of the pelvis in the rat and mouse (Christianson et al.
2006a;Christianson et al. 2006b;Wang et al. 1998). As expected and in agreement with existing
literature (Jancso and Maggi 1987;Robinson et al. 2004;Wang et al. 1998;Zhong et al. 2003),
most bladder afferents projected from the L6-S1 DRG in both rodents, while a smaller, but still
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notable, population was present in TL DRG. In our studies, the distribution of retrogradely-
labeled distal colon afferents also paralleled that of the bladder and, in general, was in
agreement with the bimodal LS and TL peaks as noted in the Wistar rat (Vizzard et al. 2000)
and C57BI/6 mice (Christianson et al. 2006b;Robinson et al. 2004). In support of the specificity
of our labeling studies, dually-labeled cells were identified only at DRG levels that have
previously been shown to contain both distal colon and urinary bladder afferents (Christianson
et al. 2006b;de Groat et al. 1987;Keast and De Groat 1992;Robinson et al. 2004). Further
supporting the specificity of our findings, bladder denervation substantially reduced labeling
of bladder afferents and consequentially the number of dually-labeled cells. For example in
LS ganglia, bladder afferent labeling decreased 99% (from 398 + 33 to 5 * 4) while colonic
afferent labeling was unchanged. The lack of complete absence of bladder and/or dual labeling
in some animals following bladder denervation can be ascribed to the oft incomplete effects
of mechanical surgical denervation.

In the rat, the number of CTB-positive afferents retrogradely labeled from the urinary bladder
was, on average, 2.8 times greater than from the colon. Similar findings were noted in the LS
DRG by Keast and De Groat (1992) who studied afferent innervation of the urogenital organs
and colon of the Wistar rat. In the C57BI/6 mouse, we found equivalent numbers of CTB-
positive colon and bladder afferents in all ganglia examined. Presumably, species and strain
differences in lower urinary tract intrinsic pacemakers - intramural ganglia that function like
that of the intrinsic nervous system of the gut (i.e. interstitial cells of Cajal) - and/or degrees
of supraspinal input could likewise account for differences in bladder afferent distribution
patterns and hence bladder-to-colon afferent projection ratios as we have observed (Pezzone
et al. 2003).

We found that 17% and 21% of the total CTB-positive neurons were dually-labeled in the rat
and mouse, respectively, suggesting that a single afferent is capable of supplying both the
bladder and bowel. These dually-labeled neurons were further categorized by spinal level, with
TH having the greatest proportion of dichotomizing afferents and LS having the smallest
proportion in both species. Such a relatively high proportion of dual-labeled cells is not without
precedent, as DRG neurons with dichotomizing axons were first proposed by Sinclair (1948)
and have been reported to represent 0.5-15% of all afferents as studied across several different
species (McNeill and Burden 1986). Additionally, previous studies have observed that sacral
DRG have 2.3 times as many fibers in peripheral nerves as there are cell bodies, further
supporting the notion of dichotomous afferent pathways in the pelvis (Langford and Coggeshall
1981). Thus, an anatomical substrate is present which would allow irritation of one pelvic organ
to induce referred pain and/or neurogenic inflammation in another organ via these
dichotomizing afferent pathways,.

Dichotomizing afferents have been identified in the pelvic viscera by both dual retrograde
labeling studies and/or electrophysiological recordings (Bahns et al. 1987;de Groat et al.
1987;Keast and De Groat 1992). Using retrograde tracers, de Groat found that 3—-6% of
afferents innervating the colon and urogenital organs in both the Wistar rat and the cat were
dually-labeled (de Groat et al. 1987;Keast and De Groat 1992). Physiological existence of
dichotomizing afferents was also observed by Bahns et al., (1987) who found single units that
were excited by stimulation of two separate pelvic organs. Similar findings were also noted by
Berkley et al., (1990), and most recently, by Malykhina et al., (2004) who have also begun
physiologically characterizing dually-labeled DRG neurons projecting to both the bladder and
colon. Sengupta and Gebhart (1994) reported no evidence of individual sacral dorsal root
afferents responding to distension of both the colon and bladder, however it is possible that
afferents innervating more than one organ are either not responsive to mechanical stretch (e.g.
they are mucosal or serosal afferents (Brierley et al. 2004)) or that they are “silent” nociceptors,
which become mechanically-sensitive following inflammation or other insult.
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The distinct and differential localization of the dually-labeled afferents also supports the
specificity of our labeling and may also provide insight into the physiological role of these
dichotomizing afferents. In the rat, the largest number of dually-labeled afferents was observed
in the TL ganglia, despite the majority of colon- and bladder-specific afferents originating from
LS. In both species, the more rostral ganglia contained a higher percentage of dually-labeled
afferents than the more caudal ganglia. Previous studies have shown that while LS afferents
in the pelvic nerve respond to acute, mechanical stimuli in the pelvic viscera, the TL afferents
in the hypogastric nerve do not respond to acute stimuli, but rather mediate inflammatory pain
and become mechanically sensitive following injury or inflammation (Berkley et al.
1993a;Berkley et al. 1993b;Lin and Al-Chaer 2003;Mitsui et al. 2001;Sandner-Kiesling et al.
2002;Traub 2000). Therefore, in our model of acute pelvic organ irritation, activation of the
dually-projecting TL afferents may underlie the cross-organ sensitization observed in our
studies (Pezzone et al. 2005).

In conclusion, we have successfully identified individually- and dually-labeled pelvic afferents
supplying the distal colon and urinary bladder in Sprague-Dawley rats and C57BI/6 mice using
fluorescent conjugates of CTB. The identification and localization of dually-labeled cells
support the existence of dichotomizing pelvic afferents, which may provide a pre-existing
neuronal substrate for immediate and maintained pelvic organ cross-sensitization and also play
a major role in the overlap of pelvic pain disorders. Further studies are underway to better
comprehensively characterize these labeled dichotomizing afferents both before and after
pelvic inflammation.
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Bladder § B Overlay
L1

Figure 1.

Retrogradely labeled cell bodies in the rat L1 DRG 5 days following urinary bladder and distal
colon injections of Alexa Fluor 488- and 647-conjugated cholera toxin B (CTB), respectively,
as visualized under confocal microscopy. CTB-positive bladder afferents appear green (A),
CTB-positive distal colon afferents appear red (B), and dually-labeled cells appear yellow (C).
(Bar represents 20 um)
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Figure 2.

Retrogradely labeled cell bodies in the mouse L6 DRG 5 days following urinary bladder and
distal colon injections of Alexa Fluor 488- and 647-conjugated cholera toxin B (CTB),
respectively, as visualized under confocal microscopy. CTB-positive bladder afferents appear
green (A), CTB-positive distal colon afferents appear red (B), and dually-labeled cells appear
yellow (C). (Bar represents 20 um)
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Figure 3.
Bar graphs illustrating the number (A) and percentage (B) of bladder-specific, distal colon-
specific, and dually-labeled cells across all DRG levels for both the rat and mouse.
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Figure 4.

Bar graphs illustrating the percentage of bladder-specific, distal colon-specific, and dually-
labeled cells with respect to all labeled cells (T10-S1) and stratified by TH, TL, and LS DRG
levels for the rat (A) and mouse (B).
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Figure 5.

Pie graphs illustrating the percentage of TH, TL, and LS bladder-specific, distal colon-specific,
and dually-labeled cells with respect to the total number of labeled cells at each respective
DRG level for the rat (A) and mouse (B).
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Figure 6.

Bar graphs illustrating the number of bladder-specific, distal colon-specific, and dually-labeled
cells in control and bladder denervated rats with respect to all labeled cells (T10-S1) (A), TL
afferents (B), and LS afferents (C).
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Table 1
Quantitation of CTB-positive DRG neurons in rats and mice. See Results for specific TH, TL, and LS designations

for each species.

Rat
TH TL Ls All
Bladden] 17.0 + 10,4** 181. 6 + 34,2* 398.2 +32.6 596.8 + 28.1
Colon 184097 620+143 7 1524+ 10.87] 2162+ 167"
Dual 80+31 1088 +19.7 56.8 + 14.9"" 173.6 + 285"
Total 26.8 + 10,7** 352.4 + 39_7* 607.4 + 38.6 986.6 + 46.1
Mouse
TH TL LS All
Bladder] 29.6 +20.0 | 5744118 ' 2058 + 4867 3128 £7527
Colon 242 £115 4764175 256.6 + 55.3 328.4 +37.4%
Dual 35.8 + 184 272+47 1 94.2+253 157.2 + 46.2
Total 89.6 + 20.7. ] 13224220 576.6 + 104.2 798.4 + 123.2
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*

P <0.05,
**

P <0.0001 vs. LS;
#

P < 0.05 vs. bladder;

+
P <0.05 vs. rat.
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