VISCERAL SENSORY NEURONS THAT INNERVATE BOTH UTERUS AND COLON EXPRESS
NOCICEPTIVE TRPV1 AND P2X3 RECEPTORS IN RATS

In women, clinical studies suggest that func-
tional pain syndromes such as irritable bowel
syndrome, interstitial cystitis, and fibromyalgia,
are co-morbid with endometriosis, chronic
pelvic pain, and others diseases. One of the
possible explanations for this phenomenon is
visceral cross-sensitization in which increased
nociceptive input from inflamed reproductive
system organs sensitize neurons that receive
convergent input from an unaffected visceral
organ to the same dorsal root ganglion (DRG).
The purpose of this study was to determine
whether primary sensory neurons that inner-
vate both visceral organs—the uterus and the
colon—express nociceptive ATP-sensitive pur-
inergic (P2X3) and capsaicin-sensitive vanilloid
(TRPV1) receptors. To test this hypothesis, cell
bodies of colonic and uterine DRG were
retrogradely labeled with fluorescent tracer
dyes micro-injected into the colon/rectum and
uterus of rats. Ganglia were harvested, cryo-
protected, and cut in 20-um slices for fluores-
cent microscopy to identify positively stained
cells. Up to 5% neurons were colon-specific or
uterus-specific, and 10%—15% of labeled DRG
neurons innervate both viscera in the lumbo-
sacral neurons (L;-S; levels). We found that
viscerally labeled DRGs express nociceptive
P2X3 and TRPV1 receptors. Our results suggest
a novel form of visceral sensory integration in
the DRG that may underlie co-morbidity of
many functional pain syndromes. (Ethn Dis.
2008;18[Suppl 2]:52-20-52-24)
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INTRODUCTION

The incidence of persistent, episodic,
or chronic visceral pain disorders such as
irritable bowel syndrome and other
“functional” syndromes (fibromyalgia,
interstitial cystitis, chronic pelvic pain,
and others) are more prevalent in
women."? Indeed in most clinical stud-
ies, women report more severe pain
levels, more frequent pain, and longer
duration of pain than do men. Nocicep-
tion is a balance of pro- and anti-
nociceptive inputs that is subject to
regulation depending on the normal
state of the organism. The cell bodies
of primary visceral spinal afferent neu-
rons are located in dorsal root ganglia
(DRG). Direct activation of chemosen-
sitive receptors and ion channels on their
peripheral terminals and modulation of
neuronal excitability activates extrinsic
primary afferent nerves. Nociceptors
belong predominantly to small- and
medium-size DRG neurons whose pe-
ripheral processes detect potentially dam-
aging physical and chemical stimuli.

Defining the sites and mechanisms
of pain transmission in visceral nocicep-
tion is an important step in understand-
ing the pain perception and in designing
appropriate therapies. One such mech-
anism may be the convergence of
nociceptive stimuli in the primary
afferent neurons that innervate different
viscera. Visceral nociceptive C-fibers are
activated by ATP released by noxious
stimuli from cells in target organs and
have been implicated as mediators of
noxious stimulus intensities.” Alteration
in signal transduction of primary affer-
ent neurons can result in enhanced
perception of the visceral sensation,
which is common in patients with
different disorders, resulting in elevated
pain perception. Irritable bowel syn-
drome is currently defined as a chronic
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functional syndrome characterized by
recurring symptoms of abdominal dis-
comfort or pain and alterations in bowel
habits in the absence of detectable
organic disease. In the context of
visceral pain, the capsaicin-sensitive
vanilloid (TRPV1) receptor is a sensory
neuron-specific cation channel that
belongs to the transient receptor poten-
tial subfamily 1 and plays an important
role in transporting thermal and inflam-
matory pain signals. Evidence for
TRPV!’s role in the pathogenesis of
many diseases come from studies show-
ing that mice lacking the TRP1 receptor
gene have deficits in thermal- or
inflammatory-induced hyperalgesia.*
Activation of both TRPV1 and ATP-
sensitive purinergic (P2X3) receptors
induce mobilization of [Ca®*]; in cul-
tured DRG neurons.’
duced TPRVI receptor-mediated
changes in [Ca®™]; may represent a level
of DRG activation to noxious cutaneous

Capsaicin-in-

stimulation, while ATP-induced chang-
es in [Ca®']; may reflect the level of
DRG neuron sensitization to noxious
visceral stimuli, since ATP is released by
noxious stimuli and tissue damage near
the primary afferent nerve terminals.® In
this report, we investigated whether
subsets of visceral DRG neurons that
innervate both uterus and colon express
nociceptive P2X3 and TRPV1 receptors

in rats.

METHODS

Retrograde Labeling

Retrograde labeling was used to
identify uterus-specific and colon-spe-
cific DRGs and sensory neurons inner-
vating both visceral organs: uterus and
colon. For colonic afferents, the de-
scending colons of adult female ovari-
ectomized Long-Evans rats (weighing
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Fig 1. Visceral retrogradely-labeled dorsal root ganglion (DRG) neurons. A) Uterus-specific DRGs were injected with
tetramethylrhodamine (red) into the uterus. B) Colonic DRGs were injected with Fluorogold (gold) into the distal colon. C)
DRGs labeled with both dyes colocalized (orange). Sensory neurons innervating both uterus and colon indicated by arrows.

200-250g) were exposed under deep
anesthesia with isoflurane. Fluorogold
(FG) (12 uL, 5% in .9% saline) was
injected into the intestinal wall into four
to eight different sites by using a
Hamilton syringe (Hamilton Co.,
Reno, Nev) with a 26-gauge needle.
The syringe was retracted .1 mm and
held in this position for two minutes
and then fully retracted during a two-
minute period. Injection sites were
carefully swabbed, and the colon was
extensively rinsed with .9% sodium
chloride solution and sealed with New
Skin to prevent dye leakage. For uterine
afferents, a laparatomy was preformed
to visualize the uterine horns, which
were injected with tetramethylrhoda-
mine (TMR, 6 pL, 1.5% in .9% saline)
into each lumen. Both dyes were
injected into respective locations into
the colon and uterine horns of the same
animals. Immediately after surgery, rats
were injected with sterile saline to
prevent dehydration and were given
analgesics for pain relief and antibiotics.
All rats were allowed to survive for 10—
14 days to allow for maximal transport
of retrograde tracer. Rats were perfused
with fixative, and the bilateral 1;-S;3
DRGs were postfixed overnight in 4%
paraformaldehyde in .1 M phosphate
buffer, pH 7.4, and cryoprotected in
30% sucrose for two days and sectioned
(20 um thick) with cryostat. Sections

were mounted on glass slides and
coverslipped with Aqua PolyMount
(Polysciences, Inc, Warrington, Pa).
All procedures were done in accordance
with the National Institutes of Health
and Charles R. Drew University of
Medicine and Science Policy on Hu-
mane Care and Use of Laboratory
Animals. The number and percentage
of projection neurons to the DRG in
each slice were analyzed by Olympus IX
51 microscope equipped for epifluores-
cence.

Immunocytochemistry

DRG sections were immunostained
with rabbit-generated primary antibod-
ies against P2X3 and TRPV1 (Neuro-
mics, Northfield, Minn) for 48 hours,
washed in .01 M phosphate-buffered
saline (PBS) with .1% Triton X, and
then incubated for 80 minutes in don-
key anti-rabbit immunoglobulin G
conjugated to fluorescein isothiocyanate
(FITC, Molecular Probes, Eugene, Ore)
followed by washes in PBS. Sections
were mounted on slides and cover-
slipped with Vectashield (Vector Labo-
ratories, Burlingame, Calif). Immuno-
staining for FG and TMR was not

performed since it is autofluorescent.
Statistics

Neuronal profiles from each rat were
quantified for each tracer. Fluorescent
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profiles of labeled neurons were dis-
criminated from the background in the
outlined cells. Retrogradely labeled and
unlabeled cells were compared by two-
way analysis of variance and Student #
test by using Prism 3.0 software

(GraphPrizm, San Diego, Calif).

RESULTS

Retrograde Labeling of Visceral
DRG Neurons

Retrograde labeling was used to
identify cultured DRG neurons inner-
vating the colon by abdominal incision
and Fluorogold (Molecular Probes)
injection into the muscle wall. Animals
were allowed to survive up to 10 days,
and DRGs (L;-S3) were harvested.
Cross-sections of the DRGs innervating
distal colon and uterus were obtained
from control and retrogradely labeled
rats. Neuronal profiles from seven rats
were quantified for each retrograde
probe. Both colonic (labeled with FG,
Figure 1A) and uterine (labeled with
TMR, Figure 1B) afferents were indi-
cated in L;-S3 DRGs. Cells that project
to the uterus or colon were colocalized
in the same DRG, indicating a subpop-
ulation of DRG neurons that innervate
both uterus and colon (Figure 1C). In
control experiments, we sprayed TMR
on uterine horns, FG on colon, and FG
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Fig 2. Percentage distribution of dorsal root ganglion neurons dually labeled for two
visceral organs: the uterus and colon through the L,, L,, and Ls and S;, S, and

S; levels.

and TMR dyes on both organs in the
same animal (each procedure was per-
formed on two different rats). Less than
5% cells were labeled with either FG
and TMR or both tracers.

Our experiments revealed that the
colon- and uterus-specific DRGs were
located in all L;-S; levels (Figure 2).
These DRGs innervating both uterus
and colon (labeled with both dyes)
represent a new subset of dichotomizing
afferent fibers (5%-15%) innervating
both uterus and colon.

Expression of P2X3 and TRPV1
Receptors in DRG Neurons

In another set of experiments, we
studied whether visceral DRG neurons
express nociceptive TRPV1 and P2X3
receptors. DRGs sections were immu-
nostained with primary antibodies
against P2X3 and TRPV1 (Neuromics,
Northfield, Minn) for 48 hours and
then incubated for 80 minutes in sec-
ondary antibodies conjugated to FITC.
Neuronal profiles from five rats were
quantified for each fluorescent probe.
Both nociceptive-mediating P2X3 and
TRPV1 receptors were present in vis-
ceral DRGs (Figure 3).
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DISCUSSION

The major finding of this study is
that DRG neurons that innervate both
uterus and colon express nociceptive
capsaicin-sensitive TRPV1 and ATP-
sensitive P2X3 receptors. Our results
indicate that sensory information to the
DRG neurons may originate in differ-
ent viscera. Although it is generally
accepted that each primary afferent
neuron is a single sensory channel,
several studies have challenged that view
and demonstrate that a population of
DRG neurons can innervate both the
visceral and somatic tissues.” The design
of these studies, using retrograde label-
ing from the uterus and colon, ad-
dressed the possibility that the same
primary afferent can innervate both
reproductive and gastrointestinal organs
(DRG neurons had both retrograde
tract tracing dyes). This new subset of
dichotomizing fibers provides a novel
pathway for sensitization of one viscus
by another. The localization of P2X3
and TRPVI receptors in visceral DRG
neurons in this report and the attenu-
ation of ATP-induced [Ca®']; as we
previously showned in DRG neurons 77
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vitro® strongly suggest that nociceptive
signals modulate visceral pain process-
ing peripherally. Lumbosacral DRG
neurons 7 vitro retain the expression
of P2X3 and TRPV1 receptors,” which
mediate the response to putative noci-
ceptive signals. They continue to re-
spond to P2X3 and TRPV1 agonists,
mimicking in wvivo activation. ATP
release from tissues during pathological
conditions that cause tissue damage or
inflammation activates P2X3 receptors
on primary afferent fibers innervating

10
Moreover, the

the afferent organs.
predominant ATP receptor in small-
diameter (nociceptive) DRG neurons
that are capsaicin-sensitive is P2X3.'"!?
Opening P2X3 channels results in
membrane depolarization, sufficient to
trigger action potential and Ca®" influx
through voltage-gated calcium chan-
nels."” P2X3-null mice lose ATP-in-
duced currents in DRG neurons and
have reduced pain-related behavior in
response to noxious stimuli.'®'> The
cloned TRPV1 receptor is a nonselec-
tive cation channel with a high perme-
ability for Ca®*.'® TRPV1 receptors are
distributed in peripheral sensory nerve
endings and are involved in the trans-
duction of different stimuli in sensory
neurons. TRPV1 functions as molecular
integrator of painful chemical and
physical stimuli (noxious heat
[>43°C] and low pH). Various inflam-
matory mediators such as prostaglandin
E, and bradykinin potentiate the
TRPV1 channel. Significantly, a subset
of DRG neurons responds to both
capsaicin and ATP,' indicating a
potential cross-activation of these recep-
tors that may underlie the sensitization
of visceral nociceptors. In this report, we
show that viscerally labeled DRG neu-
rons that innervate both uterus and
colon express P2X3 and TRPV1 recep-
tors.

Visceral pain is different from
cutaneous pain based on clinical, neu-
rophysiologic, and pharmacologic char-
acteristics.'® The pathophysiology of
visceral hyperalgesia is less well-known
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Fig 3. Visceral dorsal root ganglia (DRG) (L) express both nociceptive-mediating P2X; receptors (A) and TRPV1 receptors (B).
DRG neurons innervating both uterus and colon indicated by arrows.

than its cutaneous counterpart, and our
understanding of visceral hyperalgesia is
colored by comparison to cutaneous
hyperalgesia, which is believed to arise
as a consequence of the sensitization of
peripheral nociceptors from long-lasting
changes in the excitability of spinal
neurons.'” Peripheral sensitization can
develop in response to sustained stimu-
lation, inflammation, and nerve injury.

Nociceptive systems implicated in
the etiology of functional disorders may
be complicated by co-morbid disorders,
all of which may pose health risks. The
published literature suggests that >50%
of individuals with irritable bowel
syndrome have another pain-associated
disorder. The fact that these changes are
similar in all “functional” disorders
suggests a model in which alterations
in the central stress circuits in predis-
posed individuals are triggered by the
similar pathophysiology. Acute and
recurrent/chronic pelvic pain in women
or abdominal pain from irritable bowel
syndrome are illustrative examples of
visceral pain that undergo sensitiza-
tion.”® Pain is the symptom that
patients with irritable bowel syndrome
list as the most depressing and is a major
factor for consulting a physician. Thus,
from a public health perspective, the

outcome of this study will have a
substantial impact because it will in-
crease our knowledge of nociceptive
functional diseases such as irritable
bowel syndrome, interstitial cystitis,
and chronic pelvic pain and will help
achieve a deeper understanding of sex
differences in clinical aspects of these
symptoms in various pain-associated
disorders.
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