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Abstract

Purinergic P2X3 receptors are predominantly expressed in small diameter primary afferent neurons
and activation of these receptors by adenosine triphosphate is reported to play an important role in
nociceptive signaling. The objective of this study was to investigate the expression of P2X3
receptors in spinal and vagal sensory neurons and esophageal tissues following esophagitis in rats.
Two groups of rats were used including 7 days fundus-ligated (7D-ligated) esophagitis and sham-
operated controls. Esophagitis was produced by ligating the fundus and partial obstruction of
pylorus that initiated reflux of gastric contents. The sham-operated rats underwent midline incision
without surgical manipulation of the stomach. Expressions of P2X3 receptors in thoracic dorsal
root ganglia (DRGs), nodose ganglia (NGs), and esophageal tissues were evaluated by RT-PCR,
western blot and immunohistochemistry. Esophageal neurons were identified by retrograde
transport of Fast Blue from the esophagus. There were no significant differences in P2X3 mRNA
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expressions in DRGs (T1-T3) and NGs between 7D-ligated and sham-operated rats. However,
there was an upregulation of P2X3 mRNA in DRGs (T6-T12) and in the esophageal muscle. At
protein level, P2X3 exhibited significant upregulation both in DRGs and in NGs of rats having
chronic esophagitis. Immunohistochemical analysis exhibited a significant increase in P2X3 and
TRPV1 co-expression in DRGs and NGs in 7D-ligated rats compared to sham-operated rats. The
present findings suggest that chronic esophagitis results in upregulation of P2X3 and its co-
localization with TRPV1 receptor in vagal and spinal afferents. Changes in P2X3 expression in
vagal and spinal sensory neurons may contribute to esophageal hypersensitivity following acid
reflux-induced esophagitis.
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Introduction

The excitability of primary sensory neuron innervating the gastrointestinal (GI) tract is
enhanced following injury, ischemia, and visceral inflammation (Cooke et al. 2003; Holzer
2001; Kirkup et al. 2001). In recent years, purinergic neurotransmitter adenosine tri-
phosphate (ATP) has been widely recognized as a fast synaptic neurotransmitter in both
peripheral and central neurons and activation of various purinergic receptors is reported to
play an important role in nociceptive signaling (Bardoni et al. 1997; Evans 1996; Khakh et
al. 1995; Sawynok and Reid 1997). Growing evidence supports the involvement of
purinergic P2X receptors in nociception where ATP released from epithelial cell lining of
the gastrointestinal (GI) tract, bladder, and ureter activates P2X receptors present on
subepithelial nerve plexus and the signal is transmitted via the spinal cord to the brain
(Burnstock 2006). This hypothesis has been supported in recent study documenting that the
P2X3 knockout mice exhibits reduction of micturition reflex and attenuation of pain
behavior (Cockayne et al. 2000). It has also been shown that the P2X3 expression in DRG
neurons can be altered by chronic nerve injury, axotomy, and in neuropathic pain (Bradbury
et al. 1998; Novakovic et al. 1999).

Immunohistochemical studies in rats have demonstrated that P2X3 receptors are mainly
expressed in 1B4-positive small diameter cells in DRGs (VMulchanova et al. 1998). The
central projections of these neurons are in the inner lamina Il of the spinal dorsal horn and
the peripheral terminals innervate the skin, corneal epithelium, and sub-epithelial regions of
hollow viscera (Guo et al. 1999; Robinson et al. 2004; Vulchanova et al. 1998; Xiang and
Burnstock 2004). P2X3 receptors are expressed predominantly in DRGs, whereas cells of
nodose ganglia (NGs) have mixed population of P2X, and heteromeric P2X5/3 receptors
(Bradbury et al. 1998; Dunn et al. 2001, Novakovic et al. 1999; Vulchanova et al. 1997,
Xiang et al. 1998). In NGs, P2X, and P2X3 are mostly identified in the same neurons and
similar co-localization is found in the nucleus tractus solitarius (Vulchanova et al. 1997;
Xiang et al. 1998). In contrast, there is hardly any co-localization in the dorsal horn neurons
(Vulchanova et al. 1997). These differences in P2X receptors expression patterns are also
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consistent with the differences in the pharmacological properties of P2X receptors expressed
in NG and DRG neurons (Dunn et al. 2001).

It has been documented that visceral afferent fibers undergo sensitization following visceral
inflammation. For example, vagal mechanosensitive afferents innervating the esophagus of
ferrets exhibit significantly greater response to P2X3 receptor agonist a,-methylene ATP
following esophagitis (Page et al. 2000). Although immunohistochemistry and molecular
biology data indicate that P2X3 is the predominant purinergic receptor subunit expressed by
Sensory neurons, no systematic study has been carried out on P2X3 expression and
upregulation in DRGs and NGs in esophageal hypersensitivity. Therefore, the present study
was undertaken to address the influence of reflux-induced esophageal injury on the overall
expression profile of P2X3 receptors in thoracic spinal and vagal sensory neurons and its
expression in esophageal tissues. The differential expression pattern of P2X3 receptors in
vagal and spinal sensory neurons innervating the esophagus and its alteration following
inflammation may indicate the relative contribution of these two pathways in esophageal
hypersensitivity.

Surgical procedure for promoting reflux

Adult male Sprague—Dawley rats were used according to the protocol approved by
Institutional Animal Use and Care Committee of Medical College of Wisconsin. According
to the protocol, rats weighing 200-250 g were fasted overnight and anesthetized by injecting
a mixture of ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p). Two groups of rats
were used in this study. The control group (sham-operated) rats were operated with only
midline incision and digital manipulation of the stomach. In experimental group (7D-
ligated), chronic reflux esophagitis was developed by following the methods as described
earlier (Omura et al. 1999). In brief, the abdomen was opened by giving a 3- to 4-cm-long
midline incision and latex ring (2 mm in thickness; ID, 5-6 mm; OD, 8-9 mm) made from
18-Fr Nalaton catheter was placed around the area of pyloric sphincter in order to restrict
gastric emptying. The transitional region (i.e. limiting ridge) between the fundus and the
glandular portion of the stomach was ligated with 2-0 silk thread to restrict the compliance
of the stomach, which resulted in reflux of gastric contents into the esophagus. Rats were
treated with antibiotic (Enrofloxacin, 2.5 mg/kg, im., SID) and analgesic (Rimadyl, 5 mg/kg,
sc SID) to prevent infection and pain, respectively. All rats were euthanized 7 days after the
surgery. The paraffin-embedded sections of distal esophagus from both the groups were
subjected to Hematoxylin and Eosin (H&E) staining.

Surgical procedure for retrograde labeling

A week prior to reflux-promoting surgery (see previous section), rats were fasted overnight
and anesthetized by injecting a mixture of ketamine (100 mg/kg, i.p.) and xylazine (10
mg/kg, i.p). The upper part of the abdomen below sternum was opened by a midline
incision. The stomach was retracted to access the subdiaphragmatic esophagus and four
injections each containing 2.0 pl of 4% Fast Blue solution (Polyscience, Warrington, PA)
was applied into the muscle. Following injection, the needle was kept in place for at least 1
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min to avoid the leakage of the dye. The injection site was carefully swabbed with saline
before closing the wound to avoid non-specific labeling. The abdomen was closed in layers
by suturing muscle followed by skin. Rats were treated with antibiotic and analgesic as
described in the previous section. The dye-injected sites were directly examined under
epifluorescent illumination, to determine the distribution of tracer near the injection site and
also to examine any possible spreading near the injection site. For retrograde labeled
neurons in DRGs and NGs, we noticed a very faint staining in most of the cells, which may
be due to a slight vascular spread of the tracer from the injected site. However, the difference
in labeling intensity between these cells and those labeled by axonal transport was very
striking and did not cause any problem in identification of the actual retrogradely labeled
cells.

Tissue extraction and storage

For quantitative PCR and western blot, rats were deeply anesthetized with sodium
pentobarbital (60 mg/kg, ip) and thoracic laminectomy was performed to remove DRGs
(T1-T3) and (T6-T12) bilaterally. The NGs from either side were approached ventrally
below the cranial bone and were removed. Thorax was opened to access the esophagus and
was transected just caudal to the upper esophageal sphincter (UES). A second transection
was made on the cardia just below the lower esophageal sphincter (LES). A ligature was
placed near the cardia and the thread was passed through the esophageal lumen to the
proximal end. The mucosal layer was separated from the muscle layer at the proximal end
under the microscope and was tied. The thread was then pulled distally with a steady motion
to separate the mucosa from the muscle layer. All tissues were stored in liquid nitrogen at
—80°C until used for further experiments. Following tissue extraction, rats were euthanized
by injecting 0.25 ml/kg of Beuthanasia-D (390 mg pentobarbital + 50 mg phenytoin sodium
+ 2% benzyl alcohol; Schering-Plough, USA).

For immunohistochemistry, rats were deeply anesthetized with sodium pentobarbital (50
mg/kg, ip) and the chest was opened by mid-sternal incision. Animals were perfused
transcardially with 300 ml of ice-cold phosphate buffer solution followed by 4%
paraformaldehyde in 0.1 M PBS (pH 7.4). Bilateral thoracic DRGs and NGs were collected
and incubated in 4% paraformaldehyde overnight at 4°C. Tissues were cleaned of connective
tissues and cryoprotected in 20% sucrose in PBS for 24 h.

P2X3 mRNA expression in thoracic DRGs (T1-T3 and T6-T12), NGs, and esophagus

Real-time RT-PCR was performed for accurate quantification of the target gene. The
method was based on the measurement of PCR product during the amplification
thermocycles by using SYBR Green fluorescent dye. A threshold for detection of the PCR
product was set within the exponential interval of PCR amplification and was measured as
Cr, the number of PCR cycles required to obtain this threshold. For acquiring enough tissue
for cDNA preparation, DRGs and NGs from two rats were pooled together and similarly
three preparations each for two sets of DRGs and NGs were made by using total of six
animals per group. The primer sets for P2X3 was designed using molecular Becon program
(Premier BioSoft International, Palo Alto, CA). The PCR reactions were performed using iQ
SYBR Green Supermix (BIO-RAD), 5 pmole forward and reverse primers, and 2 ul cDNA
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from each tissue sample as template in a total of 25 pl of the reaction mixture. PCR reactions
were carried out in 96-well microtiter plates and the samples were incubated for 3 min at
95°C and were amplified for 45 cycles of 10 s at 95°C and 30 s at 57°C. P2X3 (sense) 5
AGTCCTCAGTAGTTACAAAG 3, P2X3 (antisense) 5" ACTTCTCTTCATTCTCTGG 3/,
GAPDH (sense) 5 CCTGCCAAGTATGATGAC 3, GAPDH (antisense) 5
GGAGTTGCTGTTGAAGTC 3. To verify the amplification efficiency within each
experiment, a serial dilution of cDNA derived from a RNA pool of control tissues was
amplified in triplicate in each plate. The specificity of PCR reaction and possibility of
primer dimerization were verified using melt curve program and no template control for
each PCR reaction. As all PCR reactions were performed with equal efficiencies, the relative
MRNA expression level of the target gene was directly normalized against the expression
level of reference gene GAPDH for the same tissue sample. The Gy values for reference
gene GAPDH were highly reproducible between samples and between PCR reactions. The
cDNA preparations with Cr values <35 were considered as specific amplification and
reactions with Cy values >35 were not included in the study. Results were expressed as
relative mRNA expression in terms of Cr values in relation to the amount of reference gene
mRNA expression using formula = 2-(CTtarget - CTGAPDH),

Western blot analysis of P2X3 protein in DRGs (T1-T3 and T6-T12), NGs, and esophagus

As mentioned for cDNA preparation, DRGs, and NGs from two rats were pooled together
and similarly three preparations each from thoracic DRGs and NGs were made by using
total of six animals per group. Crude extracts from various rat tissues were prepared by
powdering the tissues in liquid nitrogen and homogenization in ice cold hypotonic lysis
buffer (10 mM Tris—HCI, 5 mM EDTA, pH 8.0) containing protease inhibitor cocktail tablet
(Complete Mini, Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitor cocktail
(Thermo Scientific, Rockford, IL), followed by differential centrifugation first at 1,200 rpm
for 30 min and then for another 30 min at 14,000 rpm. The membrane pellet was solubilized
for 30 min on ice with RIPA buffer (150 mn NaCl, 50 mM Tris-HCI, pH 7.5, 1 mM EDTA,
1 mM PMSF,1% Triton X-1000, 0.5% Na-deoxycholate, 0.1% sodium dodecyl sulphate
(SDS) containing protease and phosphatase inhibitors). The membrane extracts were
centrifuged and were assayed for protein content by BCA method (Thermo Fisher Scientific
Inc., Rockford, IL, USA). Approximately, 25 pg of tissue extract from various samples was
electrophoresed on 8% SDS PAGE and was transferred onto nitrocellulose membrane. After
transfer, the membrane was blocked with 5% nonfat milk then probed with antibodies to
P2X3 (Rabbit anti P2X3, 1:1000, Alomone Labs, Jerusalem, Israel). Protein bands were
visualized using a horseradish peroxidase conjugated secondary antibody (Jackson
Immununo-Research, West Grove, PA, USA) and an enhanced chemoluminiscent detection
system (Thermo Scientific Inc.). To examine the specificity of P2X3 antibody used in this
study, the antibody was preabsorbed with the blocking peptide (1 ug peptide for 1 pg
antibody) overnight at 4°C and used for immunablotting. The relative changes in the
intensity of P2X3 protein expression in various samples were normalized against the
intensity of house keeping gene B-actin for the same tissue sample using alpha imager 3400
software (Alpha Innotech, San Leandro, CA).
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Immunohistochemical evaluation of P2X3 expression in thoracic DRGs (T1-T3 and T8-10)

and NGs

For immunostaining, tissues were embedded in histoprep (Fisher Scientific, Pittsburgh, PA,
USA) and serial sections of 20 um thickness were cut on a cryostat. Sections were
rehydrated in PBS and non-specific sites were blocked by incubating the sections in PBS
containing 10% normal goat serum (NGS), 0.5% Triton X-100 and 0.01% sodium azide for
60 min at room temperature. For double immunofluorescence staining with TRPV1 and
P2X3 antibodies, sections were incubated with a mixture of guinea pig anti-TRPV1 antibody
(1:500; Chemicon International Inc. Temecula, CA, USA) and rabbit anti-P2X3 antibody
(1:500; Alomone) overnight at 4°C. The antibody dilution was carried out in PBS containing
3% NGS, 0.3% Triton X-100 and 0.01% azide (antibody diluent). Secondary antibodies used
for double labeling were Alexa 488-conjugated goat anti-guinea pig antibody (1:500) and
Alexa 568-conjugated goat anti-rabbit antibody (1:2000). For double immunostaining with
P2X3 and isolectin-B4 (1B4), tissue sections from DRGs and NGs were incubated with
biotin-labeled 1B4 at 10 ug/ml (Sigma, St. Louis, MO, USA) along with rabbit anti-P2X3
antibody (1:1000; Alomone). Secondary antibodies used were Alexa-488-conjugated
streptavidin peroxidase (1:1000) and Alexa 568 conjugated goat anti-rabbit antibody.

For double immunostaining with P2X3 and Substance P (SP), primary antibodies used were
guinea pig anti-SP (1:500,) and rabbit ant-P2X3 (1:1000, Alomone). The secondary
antibodies used were Alexa 488-conjugated goat anti-guinea pig (1:500) and Alexa 568-
conjugated goat anti-rabbit (1:2000) antibodies. All the secondary antibodies used in this
study were purchased from Molecular Probes (Invitrogen Corporation, Carlsbad, CA, USA).
The specificity of the primary antibodies was assessed by pre-incubating the antibody
overnight at 4°C with the immunizing peptides (10 uM) prior to the application to tissue
sections. Tubes containing the same dilution of antibody, but without any addition of
peptides were incubated in parallel. The absorbed and non-absorbed antibodies were
incubated with the DRG and NG sections for 24 h at 4°C. Some sections in every run were
incubated with either PBS instead of primary antibody or antibodies that were pre-absorbed
with the corresponding peptide antigens. Slides were examined under a fluorescence
microscope (Nikon Eclipse 50i) using narrow band cubes for Alexa 488 (DM505, excitation
filter 470-490, barrier filter 515-550 nm) and Alexa 568 (DM 568, excitation filter 540—
560, barrier filter 575-645 nm). Images were captured with a Spot 11 high-resolution digital
camera (Diagnostic Instruments Inc., Sterling Heights, M1, USA) and were processed with
Adobe Photoshop program. Each color of double-labeled DRG/NG sections were digitally
imaged at 20x using filter sets for Alexa 488 (green) and Alexa 568 (red). Three sections
each from sham-operated controls and experimental groups were used for counting the cells
with positive staining and were calculated as mean + SD.

Data analysis

For statistical analysis, thoracic T3, T8, and NG were selected. The entire DRGs, NGs were
sectioned (20 um) by taking one and skipping four sections and stained. Investigators were
blinded to all treatments in all experiments. Three sections per tissue were selected for
intensity measurement. The staining intensity of the selected cells was threshold, quantified,
and averaged per tissue section using Metamorphic Imaging software (Molecular Devices,
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Sunnyvale, CA, USA). The merged images were decoded and the intensity of staining was
measured by selecting individual cells using region specific tools.

To maintain the consistency of image capturing, we used the same time exposure, gain and
gamma adjustment for the control and the experimental samples for each fluorescence
staining. We used the curve program of Adobe Photoshop (CS2) for the background
adjustment to enable the counting of total number of cells. To define the cells with positive
staining, we set up different cut off for mean intensity for the small and medium/large
diameter cells based on the background using Image J program (Bethesda, MD, USA). A
cell with soma containing a darker nucleus was only selected for cell count and similarly for
the measurement of intensity of staining, ten random cells were selected for each DRG and
NG section. For data analyses, cell counts and intensity measurement were carried out in
sections from three animals in each group and were presented as mean + SD. Statistical
analyses between two groups were performed using paired Ztest. P value of less than 0.05
was considered significant.

H&E staining of esophageal tissues

Macroscopical examination revealed tissue injuries (hemorrhage, erosion, and
vascularization) in entire thoracic and abdominal (subdiaphragmatic) esophagus of 7D-
ligated rats. Histological examination of H&E stained esophagus from 7D-ligated rats
exhibited marked increase in thickness, edema of epithelial cell layers, basal cell, and lamina
propria. In addition, an extensive submucosal hyperplasia along with numerous
inflammatory cell infiltration within the submucosa was observed (Fig. 1b, d). In contrast,
esophagus of sham-operated rat exhibited a thin epithelial layer with intact mucosa and very
few inflammatory cells in the submucosal layers (Fig. 1a, c).

Quantitative estimation of P2X3 mRNA expression in DRGs, NGs, and esophagus

The quantitative estimation of P2X3 mRNA expression in DRGs, NGs, and distal esophagus
from sham-operated and 7D-ligated rats was determined using real time PCR. Although it
was not statistically significant (0.07 + 0.02 vs. 0.034 + 0.014 in sham, P=0.08, n= 3), the
mRNA expression in the DRGs (T1-T3) from 7D-ligated esophagitis rats exhibited two-fold
increase compared to sham-operated rats (Fig. 2a), whereas, a significant increase in P2X3
gene expression was observed in lower thoracic DRGs (T6-T12) from the ligated rats (0.05
+0.01 vs. 0.03 + 0.01 for controls, £< 0.05, Fig. 2b). On the other hand, no significant
difference was observed in P2X3 expression in NGs between 7D-ligated and sham-operated
rats (0.049 £ 0.017 vs. 0.038 + 0 01 for controls, Fig. 2c). The esophageal tissue was
separated into mucosal and muscle layers and the cDNA preparations were subjected to real
time PCR (Fig. 3a, b). In the mucosa, no significant difference in P2X3 mRNA expression
was observed between the 7D-ligated esophagitis and sham-operated rats (0.026 + 0.008 vs.
0.03 £ 0.017 in sham-operated rats, Fig. 3a). In contrast, a significant increase in mMRNA
expression (0.17 £ 0.05 vs. 0.08 £ 0.026 in sham-operated rats, < 0.05) was observed in
the muscle layers (Fig. 3b). Therefore, the analysis of P2X3 mRNA expression in various
tissues from sham-operated and 7D-ligated rats revealed diverse expression pattern.
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P2X3 protein expression profile in DRGs, NGs, and esophagus

Bilateral DRGs (T1-T3), (T6-T12), and NGs from sham-operated and 7D-ligated animals
were analyzed by immunoblots for P2X3 protein expression (Fig. 4a). In sham-operated rats,
the anti-P2X3 antibody exhibited immunoreactivity in the molecular range of 50 kDa for
DRGs and NGs (Fig. 4a). The immunoreactive bands appeared as doublets (two very closely
migrated bands in the molecular weight range of 50-55 kDa). To confirm the specificity of
the reaction, we used primary antibody pre-absorbed with control peptides for immunoblot
analysis of DRGs and NGs protein samples from sham-operated animals. The P2X3
antibody pre-absorbed with immunogen completely blocked the immunoreactivity of the
lower band from the doublets confirming the specificity of the reaction (Fig. 4b). The
chronic esophagitis resulted in significant increase in P2X3 protein expression both in DRGS
(T1-T3) and (T6-T12) compared to sham-operated controls, Z< 0.01 measured as relative
intensity of expression against B-actin (Fig. 4c). Similarly, in the NGs, a significant increase
in P2X3 protein expression was observed in 7D-ligated group compared to controls, £< 0.05
(Fig. 4a, c).

In muscle and mucosa, a differential expression of P2X3 protein was observed with
predominantly higher expression in muscle compared to mucosal layers (Fig. 5a, b). Both in
muscle and in mucosa, P2X3 protein was expressed at 64 kDa. There was no significant
difference in P2X3 protein in both mucosa and muscle from 7D-ligated esophagitis rats
compared to sham-operated rats.

Immunohistochemical analysis of P2X3 staining in DRGs and NGs

Both in DRGs and NGs, P2Xs-immunoreactivity (P2X3-ir) was mainly observed in small-
and medium-sized neurons and the intensity of staining was relatively higher in cells from
the 7D-ligated rats compared to sham-operated controls (Fig. 6). The P2X3-positive cells in
upper thoracic (T3) and lower thoracic (T8) DRGs from 7D-ligated were 33 + 4.5 and 32

+ 3.0%, respectively. The percentage of P2X3-positive cells in sham-operated controls were
32.5+6.6% in T3 and 30 + 5% in T8 DRGs, indicating no significant difference in P2X3
receptor expression between the experimental and control groups. In NGs, P2X3-positive
cells from 7D-ligated and sham-operated rats were 71.63 + 10.06 and 61.7 + 6.2%,
respectively. However, the mean intensity of P2X3 staining as measured for individual DRG
cells exhibited a significant increase in 7D-ligated group compared to sham-operated
controls. The mean intensity of P2X3 staining for T3 DRGs from 7D-ligated rats was 26.1
+ 2.99 compared to 14 + 2.78 for sham-operated controls (£ < 0.01). Similarly, the mean
intensity of staining for T8 DRGs from 7D-ligated rats was 30 + 3.5 versus 20 * 4.8 for
sham-operated group (P < 0.01). For NGs, a significant increase in the intensity of P2X3
staining for individual cells was also observed for 7D-ligated group compared to sham-
operated controls (28 = 3.6 vs. 19.2 + 5.1 for sham-operated group, £< 0.001). Following
Fast Blue (FB) retrograde labeling, the total number of retrogradely labeled cells in the
upper thoracic DRGs (T1-T3) was 25 = 9 and in lower thoracic DRGs (T8-T10) were 48
+ 12. About one-third of FB-labeled cells were P2X3 positive in sham-operated control rats
(Fig. 7). However, no significant increase in the number of FB-labeled P2X3 positive cells
was observed in 7D-ligated animals. Similarly, in NGs, total number of retrogradely labeled
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cells was 617 + 32 (n=3) with no significant difference in FB-labeled cells between two
groups (Fig. 7).

Immunohistochemical analysis of P2X3 coexpression pattern in DRGs and NGs

The distribution pattern of P2X3 immunoreactivity in peptidergic and non-peptidergic small
diameter C-fibers in DRGs and NGs are shown in Fig. 8a. We failed to observe a significant
co-localization of P2X3 and SP immunostaining in thoracic DRGs (4% of total P2X3
positive cells). In contrast, majority (>85%) of these P2X3-positive cells were also 1B4
positive. In NGs, however, only 50% of P2X3-positive cells were IB4-positive (Fig. 8a).
Unlike P2X3-positive cells in DRGs, a small percentage (20%) of P2X3 positive cells in
NGs also exhibited SP-immunoreactivity.

The co-localization of P2X3 and TRPV1 immunoreactivities for DRGs and NGs is shown in
Fig. 8b. Interestingly, a distinct population of small diameter TRPV1 positive cells failed to
exhibit P2X3 immunoreactivity. In DRGs from sham-operated animals, the intensity of
TRPV1 immunostaining are significantly less compared to 7D-ligated group. Based on the
cut off threshold selected for counting the cells with co-localization of TRPV1 and P2X3,
the number of P2X3 positive cells with TRPV1 staining were significantly higher in both
upper thoracic (T3) and lower thoracic (T8) DRGs from 7D-ligated animals compared to
sham group (P < 0.01, Fig. 8c). Similarly, in NGs, the number of P2X3 positive cells with
TRPV1 staining was significantly higher for ligated animals compared to sham-operated
controls (P< 0.05).

Discussion

Objective and summary data

Clinical observations suggest that acid exposure alters the sensory perception of the
esophagus via sensitization of the primary sensory neurons leading to central sensitization
(Hu et al. 2000; Mehta et al. 1995; Peghini et al. 1996; Sarkar et al. 2000). These clinical
findings have been supported by recent experimental studies in cats documenting
sensitization of spinal and brainstem neurons following noxious chemical stimulation of the
esophagus (Garrison et al. 1992; Medda et al. 2005). Although these studies are acute in
nature, it gives a clear indication that acid alters the functions of esophageal sensory
neurons.

The objective of the present study was to investigate whether acid-reflux influence the
expression of pro-nociceptive P2X3 receptor in spinal and vagal sensory neurons. In this
study, reflux was promoted by reducing the compliance and restricting gastric emptying
surgically (Banerjee et al. 2007). Results indicate that reflux-induced esophagitis produces
(1) significant increase in P2X3 protein expression in thoracic DRGs and NGs, but not in the
esophageal mucosa and muscle, (2) immunohistochemical analysis demonstrate increase in
the intensity of P2X3 expression in DRGs and NGs, (3) the intensity of P2X3-TRPV1 co-
expression is significantly higher in DRG and NG cells from 7D-ligated animals in
comparison to sham-operated controls. However, unlike DRGs, 50% of P2X3 positive cells
in NGs fail to show IB4-binding and TRPV1-ir, indicating the presence of an additional
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P2X3-mediated downstream signaling mechanism of NG neurons. Most importantly, an
upregulation of P2X3 expression was observed both in upper and as well as in lower thoracic
DRG neurons in reflux-induced esophagitis animals. This differential expression pattern of
P2X3 receptors in primary sensory neurons might contribute to altered esophageal sensitivity
in esophagitis.

P2X3 receptor and visceral nociception

P2X3 receptor expression is predominantly in a subset of crest-derived sensory neurons,
which represents a major component of ATP-gated ion channels in DRGs (Chen et al. 1995;
Cook et al. 1997), whereas embryonic placode derived nodose neurons express both P2X3
and P2X, subunits that are involved in ATP-mediated sustained inward current (Kwong et al.
2008). Recent studies also document purine-mediated sensitization of afferent neurons to
various stimuli (Kress and Guenther 1999; Sawynok 1998). It is well recognized that this
receptor plays an important role in signaling visceral pain. For example, distension of the
colon triggers ATP release from the colorectal epithelium that activates sensory neurons via
purinergic P2X3 receptor (Wynn et al. 2003). Increase in expressions of P2X, and P2X3
receptors and enhanced responses to purinergic agonist have also been documented in
animal model of colonic inflammation (Wynn et al. 2004). Similarly, the excitatory effect of
P2X purinoceptor agonist, a,3-methylene-ATP on vagal afferents following esophageal
inflammation had been reported in ferrets (Page et al. 2000).

In the present study, the number of retrograde labeling from the distal esophagus, failed to
show any difference following esophagitis. The total number of Fast Blue labeled cells in
thoracic DRGs in the present study is higher than that reported earlier (Dutsch et al. 1998).
This could be due to the use of different dye (Fluoro-Gold) and single administration
contrast to four applications of Fast Blue in the present study. As for P2Xs-ir, in both DRGs
and NGs, there was significant increase in the intensity in tissues from 7D-ligated animals
compared to sham-operated controls. This finding was supported further by western blot
analysis, where significant upregulation of P2X3 protein expression was observed in both
NGs and DRGs from 7D-ligated rats. In recent study in rats, about 40% of DRG neurons in
the lumbar spinal cord (L4-L5) are reported to be P2X3-positive (Vulchanova 1998),
whereas, retrograde labeling from the mouse descending colon demonstrates 36%
thoracolumber DRG neurons with P2X3-ir compared to only 19% of lumbo-sacral neurons
indicating a distinct difference in the receptor expression patterns at different level of spinal
DRGs (Brierley et al. 2005).

Among different subtypes of P2X receptors, P2X, and P2X3 receptors are expressed in
small diameter sensory neurons in DRGs and thought to be involved in nociception
(Bradbury et al. 1998; Dunn et al. 2001). In a recent study, 49% BDNF positive cells in NG
is reported to be P2X3 positive (Ichikawa et al. 2007), whereas in DRG neurons,
approximately, 94% of the P2X3 positive neuronal profiles are labeled by 1B4 and 3% with
SP-ir (Mulchanova et al. 1998). Moreover, single-cell RT-PCR analysis revealed that the NG
neurons innervating the esophagus expressed mRNA for P2X, and P2X3 subunits, whereas
majority of DRG neurons innervating this tissue express only P2X3 subunit (Kwong et al.
2008). The difference in the receptor expression pattern was also evident in the present
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study, where the percentage of P2X3-positive cells with IB4 and SP co-localization was
markedly different between the DRGs and NGs, emphasizing, thereby, differences in their
activation pathways, functional characters, and pharmacological properties.

Differential P2X3 receptor expression between vagal and spinal pathways

Neonatal capsaicin treatment results in decrease in P2X3-positive neurons by 70% and
decrease sensitivity to noxious stimulation, which correlates well with the loss of 1B4-
binding neurons expressing P2X3 receptors (Vulchanova et al. 1998). Studies in rodents and
humans have documented that both P2X, and P2X3 receptor expression is upregulated in
cystitis and possibly contributing bladder hyperreflexia and pain (Dang et al. 2008; Nazif et
al. 2007; Tempest et al. 2004). Exogenous application ATP and the P2X selective agonist
a,f3-methylene ATP sensitizes responses of afferents to distension and responses can be
attenuated by non-selective P2X receptor blockers TNP-ATP and PPADS (Rong and
Burnstock 2004; Rong et al. 2002; Wynn et al. 2003). In line with previous reports, our
study documents that P2X3 receptors upregulate after esophageal inflammation. We further
investigated the co-expression of P2X3 with TRPV1 in the spinal and vagal sensory neurons.
Our results show that esophageal inflammation significantly increases the P2X3 and TRPV1
immunostaining and co-expression of these two receptors in thoracic DRGs and NGs. This
finding complements the previous reports of activation of homomeric P2X3 receptors in
peripheral terminals of capsaicin sensitive (i.e., TRPV1-positive) primary afferent fibers and
their involvement in the induction of nocifensive behavior and thermal hyperalgesia
(Burnstock 2006; Dunn et al. 2001).

Reflux-induced esophagitis also results in a significant increase in TRPV1 expression in
DRGs and NGs (Banerjee et al. 2007). However, in the present study, only 40% of P2X3
positive cells exhibit a significantly high immunostaining for TRPV1 in NG compared to
70% P2X3-positive cells in DRGs with TRPV1 staining. This difference in P2X3/TRPV1
co-expression between DRGs and NGs also emphasizes a difference in P2X3 receptor-
mediated signaling in spinal and vagal afferents.

Differential expression of P2X3 mRNA and proteins in DRGs, NGs, and esophagus

In spite of significant upregulation of P2X3 and TRPV1 receptor protein expressions in
DRGs and NGs following esophagitis, we fail to detect any significant increase in mRNA
expressions in upper thoracic DRGs and NGs. On the other hand, in esophageal muscle a
significant upregulation of mRNA fail to demonstrate any increase in protein in the ligated
animals. Our finding is very similar to recent observation in human patients with interstitial
cystitis that exhibited a significant increase in P2X3 protein expression accompanied with
down regulation of P2X3 gene expression in the urothelium (Tempest et al. 2004). This
mismatch in mMRNA and protein expression profiles could be due to complex relationship
between mRNA and protein transcription and translation processes, which are governed by
independent mechanisms and separate time constants (Lewandowski and Small 2005). There
could also be a negative feedback between the level of protein and the rate of transcription of
P2X3 receptor gene.
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P2X3 expression pattern in neuronal and non-neuronal tissues

The difference in the molecular sizes of P2X3 protein in DRGs, NGs, and esophageal tissues
in this study emphasizes the heterogeneity in receptor expression among various tissues. In
our study, P2X3 protein expression in the esophageal tissue is at 64 kDa in contrast to 50
kDa in DRGs and NGs. Several other studies also indicate the differences in the molecular
sizes of the receptor protein expression in various tissues. For example, in the rat urinary
bladder, the P2X3 expresses as a 75-kDa protein, but in human colon, the expression is at 66
kDa. In case of P2Xj3 receptor, the intermediate bands (45-55 kDa) are observed in the
culture, but not in the whole trigeminal ganglion (Simonetti et al. 2006; Studeny et al. 2005;
Yiangou et al. 2000).

In human urothelium, P2X3 receptor is reported to be expressed in a glycosylated form at a
molecular weight of 64 kDa along with the deglycosylated form at 49 kDa, and in IC
patients, an increase in glycosylated P2X3 has also been reported (Tempest et al. 2004). In
line with this finding, P2X3 receptor in esophagus in the present study appears to be in
glycosylated form, whereas in DRGs and NGs, the protein is predominantly in non-
glycosylated form. Therefore, difference in sizes P2X3 protein expressions in various tissues
could be due to differences in glycosylation patterns of the receptors or possibly due to the
existence of different isoforms and/or splice variants of mature receptor proteins in various
tissues. The glycosylated and non-glycosylated proteins may also have different activation
and functional pathways (Dunn et al. 2001; Jahnel et al. 2001).

Our finding is in contrast to previous studies reporting significant upregulation of P2X3
receptor expression in nerve fibers and myenteric plexus of inflamed colons from patients
with inflammatory bowel disease compared to normal individual (Yiangou et al. 2001).
Similarly, there is a report of upregulation of P2X3 receptors in urothelial cells from patients
with interstitial cystitis (Sun and Chai 2004; Tempest et al. 2004). The difference in
expression could depend on heterogeneity of tissues and different modes of stimuli.

In summary, our data indicate that reflux-induced esophagitis results in an increase in P2X3
receptor expression and co-expression with TRPV1 in the thoracic DRGs and NGs with no
significant difference in esophageal tissues. This result suggests a differential pattern of
P2X3 expression and co-expression in the DRGs and NGs may lead to different signaling
mechanisms via spinal and vagal afferent pathways. Upregulation of P2X3 receptors in
sensory neurons following inflammation may contribute to altered sensation from the
esophagus.
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Fig. 1.
H&E stained transversed sections of distal esophagus from 7D-ligated and sham-operated

rats. a Sham-operated esophagus exhibited intact mucosal layer and no inflammatory cell
infiltration. b 7D-ligated esophagus demonstrated edema of epithelial cell layers,
submucosal hyperplasia and inflammatory cell infiltrates. ¢ Esophageal section from sham-
operated rat at higher magnification. d Esophageal section from 7D-ligated rat at higher
magnification. The scale bars for aand b are 200 um and c and d are 100 pm
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Fig. 3.
Real time RT-PCR for P2X3 gene expression in the esophageal mucosa and muscle

preparations from 7D-ligated and sham-operated rats. a In mucosa, cDNAs from respective
groups were amplified using primers for P2X3. b In muscle, cDNAs from respective groups
were amplified using primers for P2X3. ACr indicates the difference between the number of
cycles necessary to detect the PCR products of the experimental gene and the reference gene

GAPDH. Ordinate values (2?0) correspond to the receptor mMRNA expression relative to the
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reference gene in the tissue. Values are the mean + SD of three real time PCR determinations
(*P<0.05)
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Fig. 4.

Western blot analysis of thoracic DRGs and NGs for P2X3 receptor protein expression in
reflux esophagitis (7D-ligated) and sham-operated rats. f-actin staining was used as a
reference protein. a P2X3 protein was expressed in the molecular weight range of 55-50
kDa. b preabsorption of P2X3 antibody with immunogen (10 pM) eliminated the band at 50
kDa. c histogram of relative P2X3 band density in the experimental and control groups were
normalized to B-actin staining. P2X3 receptor expression in the DRGs and NGs
demonstrated a significant upregulation in 7D-ligated group compared with expression in
sham-operated controls. The results were expressed as mean + SD of three experiments (**P
<0.01, *P<0.05)
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Western blot analysis of esophageal mucosa and muscle for P2X3 receptor protein
expression in reflux esophagitis (7D-ligated) and sham-operated rats. p-actin
immunostaining was used as a reference protein. a P2X3 was expressed as a 64 kDa protein
both in esophageal mucosa and muscle extracts. Preabsorption of P2X3 antibody with
immunogen (10 uM) completely eliminated the immunoreactivity in the mucosa and 90% in
the muscle preparation. b Histograms of relative P2X3 band density in the experimental and
control groups were normalized to p-actin staining. The results were expressed as mean *

SD of three experiments
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Fig. 6.

Phgotomicrography of P2X3 immunoreactivities in the thoracic DRGs (T3) and NGs. a
Immunostaining of DRG section from 7D-ligated rats. b Immunostaining of DRG (T3)
section from sham-operated controls. ¢ Immunostaining of NG section from 7D-ligated rats.
d Immunostaining of NG section from sham-operated controls. Arrows indicate high
intensity of P2X3 labeling and arrow heads identify the cells with low intensity small
diameter cells. The scale baris 100 pm
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Fig. 7.
Photomicrography of P2X3 immunoreactivity in the NG and thoracic (T8) DRG

retrogradely labeled with Fast Blue (FB). FB was injected in the subdiaphragmatic segment
of the esophagus and FB positive cell bodies in the NG (/eft column) and DRG (right
column) were examined for immunoreactivity with P2X3 antibody. Arrows indicate cells in
NG and DRG with FB and P2X3 co-localization. The scale baris 50 um
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Fig. 8.

a gistribution pattern of P2X3 immunoreactivity in peptidergic and non peptidergic small
diameter c-fibers in DRG (T3) and NG. DRG sections from sham-operated rat with P2X3-
SP immunostaining (/eft column, upper panel) and P2X3-1B4 staining (/eft column, lower
panel). NG sections from sham-operated rat with P2x3-SP staining (right column, upper
panel) and P2X3-1B4 staining (right column, lower panel). In the DRGs 85% of P2X3
immunopositive cells was IB4-positive in comparison to 50% in the NGs. For P2X3-SP
immunostaining 4% in DRGs and 20% NGs showed coexpression. Arrows (pink) indicate
P2X3 positive cells with IB4 or SP immunostaining and arrows (white) indicate P2X3-
positive cells without IB4 or SP binding. The scale baris 100 um. b Coexpression of P2X3-
positive cells with TRPV1 in DRGs and NGs. A representative double immunostaining in
the DRGs (T8) is as follows: sham-operated (/eft column, upper panel) and 7D-ligated rats
(right column, upper panel). For NGs, sham-operated (/eft column, lower panel) and for 7D-
ligated (right column, lower panel). Both in DRGs and NGs coexpression of TRPV1 in
P2X3-positive cells were significantly higher in 7D-ligated animals compared to sham-
operated controls (*P < 0.05). Arrows indicate P2X3-positive cells coexpressing TRPV1 and
arrow heads indicate P2X3-positive cells without TRPV1 immunostaining. The scale baris
100 pm. c Analytical data of P2X3 and TRPV1 co expression in thoracic DRGs and NGs
from 7D-ligated and sham-operate rats. The percentage of P2X3-and TRPV1 double

Histochem Cell Biol. Author manuscript; available in PMC 2016 April 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Banerjee et al.

Page 25

labeling is significantly high in thoracic DRGs T3 and T8 and in NGs (**P< 0.01, *~< 0.05
vs. sham-operated controls)
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