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A Peripheral Antinociceptive Effects of a Bifunctional p and &
Opioid Receptor Ligand in Rat Model of Inflammatory Bladder
Pain

Maia Terashvili@, Bhavana Talluri2, Watchareepohn Palangmonthip?P, Kenneth A.
Iczkowski?d, Patrick Sanvanson?, Bidyut K. Medda?, Banani Banerjee?, Christopher W.
Cunningham¢, Jyoti N. Sengupta®”

aMedical College of Wisconsin.

bDepartment of Pathology, Faculty of Medicine, Chiang Mai University, Chiang Mai, Thailand.

¢Concordia University Wisconsin School of Pharmacy, Wisconsin

Abstract

There is a need to develop a novel analgesic for pain associated with interstitial cystitis/painful
bladder syndrome (IC/PBS). The use of the conventional p-opioid receptor agonists to manage
IC/PBS pain is controversial due to adverse CNS effects. These effects are attenuated in
benzylideneoxymorphone (BOM), a low-efficacy p-opioid receptor agonist/&-opioid receptor
antagonist that attenuates thermal pain and is devoid of reinforcing effects. We hypothesize
that BOM will inhibit bladder pain by attenuating responses of urinary bladder distension
(UBD)-sensitive afferent fibers. Therefore, the effect of BOM was tested on responses of UBD-
sensitive afferent fibers in L6 dorsal root from inflamed and non-inflamed bladder of rats.
Immunohistochemical (IHC) examination reveals that following the induction of inflammation
there were significant high expressions of y, &, and pu-& heteromer receptors in DRG. BOM
dose-dependently (1-10mg/Kg, i.v) attenuated mechanotransduction properties of these afferent
fibers from inflamed but not from non-inflamed rats. In behavioral model of bladder pain,
BOM significantly attenuated visceromotor responses (VMRs) to UBD only in inflamed group
of rats when injected either systemically (10mg/Kg, i.v.) or locally into the bladder (0.1ml

of 10mg/ml). Furthermore, oxymorphone (OXM), a high-efficacy y-opioid receptor agonist,
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attenuated responses of mechanosensitive bladder afferent fibers and VMRs to UBD. Naloxone
(10mg/Kg, i.v.) significantly reversed the inhibitory effects of BOM and OXM on responses

of bladder afferent fibers and VMRs suggesting p-opioid receptor-related analgesic effects of
these compounds. The results reveal that a low-efficacy, bifunctional opioid-based compound can
produce analgesia by attenuating mechanotransduction functions of afferent fibers innervating the
urinary bladder.

Keywords

Cystitis; Opioids; Analgesic; Bladder pain; Bladder Afferents

1. Introduction

Interstitial cystitis/painful bladder syndrome (IC/PBS), a common urologic disorder, is
poorly managed by multiple drugs including pentosan polysulfate (EImiron®), amitriptyline,
hydroxyzine cimetidine, and cyclosporine A (Giusto et al., 2018). Of these options, only the
coating agent EImiron® is FDA approved for the treatment of IC/PBS. However, adequate
analgesic effects are reached up to about 6 months after initiation and is effective in only
approximately 50% of patients (Anderson and Perry, 2006; Hanno, 1997; Mulholland et al.,
1990; Parsons et al., 1993). Amitriptyline has also been used long-term for the treatment of
IC/PBS (Foster et al., 2010; van Ophoven and Hertle, 2005); however, sedation, drowsiness,
dizziness, and nausea are adverse central nervous system (CNS) effects that compound its
use as a general therapy (Generali and Cada, 2014).

Although a significant number of IC patients are treated with opioid analgesics as a

“gold standard”, the opioid treatment for IC/PBS pain remains controversial (Lusty et

al., 2018; Pape et al., 2019). Despite current survey revealing a decline of conventional
opioid use, the prescription rate per IC diagnosis has not decreased (Zillioux et al., 2020).
Therefore, a safer treatment strategy for the use of opioids needs to be developed for
bladder pain management. A bifunctional class of agents bears a pharmacodynamic profile
of high-efficacy p opioid receptor agonism, with lower-potency agonist effects at the related
x and & opioid receptors. Morphine, fentanyl and oxymorphone (OXM) are clinically used
examples of high efficacy | opioid receptor agonists that cause life-threatening respiratory
depression, constipation, tolerance, and dependence (Burns et al., 2018; Devereaux et al.,
2018; Foley, 1993; Way, 1993). Analgesic tolerance, physical dependence, and constipation
are significant adverse effects that plague the chronic use of high efficacy u opioid receptor
agonists as analgesics for chronic pain conditions. The ongoing opioid crisis in the United
States necessitates the need to develop analgesics that can be used to manage chronic pain
without manifesting adverse CNS effects (Madras, 2018). An ideal therapeutic agent to
manage visceral pain should have (1) low abuse liability, (2) no tolerance development, and
(3) no respiratory depression.

Bifunctional opioid receptor ligands offer potential advantages over high-efficacy p opioid
receptor-preferring agonists as analgesics (Ananthan, 2006; Cunningham et al., 2019). For
example, buprenorphine, a partial p opioid receptor agonist/x opioid receptor antagonist,
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helps in recovery from opioid abuse by attenuating |1 opioid receptor-induced withdrawal
symptoms and blocking the effect of endogenous x opioid receptor agonist dynorphins

that causes dysphoria and hallucinations (Lutfy and Cowan, 2004). Eluxadoline (Viberzi®)
is a peripherally restricted p opioid receptor agonist/6 opioid receptor antagonist that
manages the symptoms of diarrhea-predominant irritable bowel syndrome (IBS-D) without
producing constipation. Here, & opioid receptor antagonism slows gastrointestinal motility
without causing constipation (Breslin et al., 2012; Wade et al., 2012). Combining the
pharmacodynamic profiles of buprenorphine and eluxadoline, a centrally-bioavailable

W opioid receptor agonist/é opioid receptor antagonist can produce analgesia without
manifesting tolerance and dependence (Cunningham et al., 2019). Further, low-efficacy
MOR partial agonists generate significantly less respiratory depression (Dahan, 2006). Thus,
these types of compounds can be considered potential therapeutics for chronic visceral
pain management. It is also favorable if such compound can produce analgesia by acting
peripherally by modulating the functions of sensory afferent fiber innervating the visceral
organs.

We previously reported the development of benzylideneoxymorphone (BOM), which is

a low-efficacy | opioid receptor partial agonist/s opioid receptor antagonist that exhibits
partial efficacy in hot plate and tail-flick latency antinociception tests in mice (Healy et
al., 2017). More recently, we reported that the discriminative stimulus effects of BOM are
similar to morphine and mediated by p opioid receptors (Mada et al., 2020).

Although the “ceiling effect” of BOM in severe thermal pain tests makes this a suboptimal
medication for severe pain, these behavioral effects suggest that BOM would have

limited abuse liability and is therefore a promising lead for medications development. We
hypothesize that this pharmacodynamic profile might be beneficial in treating inflammatory
bladder pain conditions that cause upregulation of opioid receptor expression in bladder
tissues and sensory neurons allowing the effective target for peripherally-restricted opioid
agonists (Stein, 2013).

The main objective of this study is to examine the peripheral analgesic effect of BOM

in bladder pain following the induction of cystitis in rats. Experiments include (1)
validation of bladder inflammation (cystitis) in rats following injection of protamine sulfate
and zymosan into the bladder and examination of histopathology of bladder tissue, (2)
immunohistochemical (IHC) staining for [ opioid receptors, & opioid receptors, and -8
opioid receptor heteromer expression in lumbar 6 (L6) dorsal root ganglion (DRG) cells,
(3) electrophysiological recordings of nerve action potentials from UBD-sensitive L6 spinal
dorsal root afferent fibers and (4) objective measurement of bladder pain in awake rats by
recording visceromotor responses (VMRs) to UBD.

2. Methods

2.1. Animals

The study was performed in adult female Sprague-Dawley rats (Harlan Laboratories,
Indianapolis, USA). A total number of 125 rats were used to undertake all experimental
procedures. Rats weighing 250-300g were housed in pairs. For behavioral studies after the

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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surgery rats were housed in separate cages. Rats were kept under controlled conditions with
a 12 hours light/dark schedule and had free access to both food and water. All procedures
were performed in accordance with the guidelines approved by the Institutional Animal Care
and Use Committee of Medical College of Wisconsin’s (AUA 000355). In addition, we
followed the humane pain management recommendation of Office of Laboratory Animal
Welfare (OLAW).

2.2. Chemicals and solutions

The synthesis and pharmacological efficacy of BOM has been described previously (Healy
etal., 2017). The compound was synthesized in the laboratory of Dr. Cunningham (fig. 1).
Structurally, the compound is p opioid receptor agonist, that has been modified to enhance
the & opioid receptor affinity and to lower the efficacy at u and & opioid receptors. The drug
was first dissolved in 100ul of 100% of ethanol and 100ul of Tween-80 and then diluted in
sterile water to make the final concentration of 1% alcohol and Tween-80. Oxymorphone
hydrochloride (OXM, Mallinckrodt, Inc.) and naloxone hydrochloride (NLX), protamine
sulfate, and zymosan (Sigma Aldrich Chem Co.) OXM, and NLX were dissolved in a sterile
saline solution.

2.3. Induction of cystitis

Bladder inflammation was produced by intravesical injection of protamine sulfate (PS, 10%
in sterile saline) followed by zymosan (5% in sterile saline) into the bladder. The rationale
for intravesical instillation of protamine sulfate, an arginine-rich protein, was to break

the urothelial barrier to increase the permeability so that zymosan can act effectively to
produce inflammation (Chuang et al., 2003; Niku et al., 1994; Tzan et al., 1993). Zymosan,
a yeast wall derived glucan, produces bladder tissue inflammation (Kannampalli et al.,
2017; Miranda et al., 2011; Ness and Randich, 2010; Sengupta et al., 2013). Rats were
anesthetized with isoflurane (2% induction and 1.5% maintenance with flow rate 1 ml/min),
the vaginal area was swabbed clean with betadine and protamine sulfate and zymosan were
transurethrally injected into the bladder by gently inserting a shielded /.v. catheter (BD
Insyte-N Autoguard, 24GA). Protamine sulfate solution (0.3ml) was first injected into the
bladder and left inside the bladder for 20 minutes followed by slow aspiration. Zymosan
solution (0.3ml) was then instilled into the bladder and left inside for 20 minutes. The
control group rats went through similar instillation procedure but received only two doses of
sterile saline (0.3ml per dose) into the bladder. This procedure was repeated for three days.
The behavioral and electrophysiology studies were performed 24 hours (Kannampalli et al.,
2017) following the induction of cystitis.

2.4. Bladder tissue histology

Bladder tissues from protamine sulfate+zymosan- and saline-treated rats were removed
after euthanizing and fixed in 4% paraformaldehyde. For quantification of mast cells, the
bladder tissue was stored overnight in 4% paraformaldehyde, the tissues were dehydrated
in graded alcohol and paraffin embedded. Serial sections of 4um thickness were cut, and
the slides were oven dried at 60°C. Sections were de-paraffinized by two times wash (5
min each) with xylene followed by two times wash with 100% ethanol and a 5 min wash
in 95% ethanol and hydrated with distilled water. Slides were then placed in 10% modified

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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Toludine Blue, a polychromatic dye, solution in 1% NaCl for 1-2 min followed by 3 min
rinses in distilled water (x3) (Miranda et al., 2011; Ribatti, 2018). Slides were quickly
dehydrated through 95% and 100% alcohols and cleared in xylene and cover slipped. Mast
cell numbers were quantified blinded manner under microscope with X40 magnification
(Olympus Corporation, Tokyo, Japan).

2.5. Immunohistochemical (IHC) evaluation of L6 DRG

Non-inflamed (n=4) and inflamed (n=>5) rats were deeply anesthetized with sodium
pentobarbital (50mg/Kg, i.p.). The rat was placed in supine position and the chest was
opened to perfuse trans-cardiac with 300ml of ice-cold 4% paraformaldehyde. Following
laminectomy L6 DRG was identified and removed bilaterally and stored overnight in

cold (4°C) PFA-lysine-periodate fixative. The following day tissues were incubated in

10% sucrose overnight at 4°C and transferred to 20% sucrose for 8 hours, and then

to 30% sucrose overnight on a shaker at 4°C. The DRG was sectioned at a thickness

of 25um using a cryostat (Microm cryostat, Thermo Fisher Scientific, Waltham, MA)

and mounted on SuperFrost Plus slides (Fisher Scientific, Hampton, NH) and store at
-20°C. For immunostaining, DRG tissue sections mounted on glass slides were washed
three times with PBS wash buffer (1X phosphate-buffered saline), 0.1% Triton X-100,
0.01% Sodium azide, 0.01% NGS) and then incubated with target retrieval solution

(Dako, Santa Clara, CA) for 30 mins at 70°C in a water bath. This was followed by
incubation in blocking buffer containing 10% NGS (Normal Goat Serum, Jackson Immuno
Research, West Grove, PA) in wash buffer for 2 hours at room temperature. Subsequently,
sections were incubated separately in rabbit anti-| opioid receptor antibody, (1:500 dilution;
Alomone labs, Jerusalem, Israel) and rabbit anti-& opioid receptor antibody, (1:500 dilution;
Alomone labs) along with mouse anti-Neurofilament 200 (1:1000 dilution; Millipore Sigma,
Billerica, MA). In another set of experiments, sections were incubated with mouse anti-p-8&
heteromer antibody (1:250 dilution; Kerafast, Inc. Boston, MA) along with either rabbit anti-
Neurofilament 200 (1:200 dilution; Millipore Sigma, Billerica, MA) or rabbit anti-TRPV1
antibody (1:250 dilution; Alomone labs) diluted in 5% NGS at 4°C for 48 hours. Tissue
sections were then washed 4 times for 15 min each and then incubated with secondary
antibodies for 2 hours at room temperature. The following secondary antibodies were

used: Alexa Fluor 568 goat anti-rabbit (1:750 dilution) along with Alexa Fluor 488 goat
anti-mouse (1:750 dilution) or Alexa Fluor 488 goat anti-rabbit (1:1000 dilution) with Alexa
Fluor 568 goat anti-mouse (1:1500 dilution, Invitrogen Inc., Carlsbad, CA). The dilution was
made in 5% NGS at room temperature. Finally, the tissues were washed 3 times and cover
slipped with mounting medium (Vectasheild, Burlingame, CA).

2.6. Electrophysiological recording from UBD-sensitive afferent fibers in L6 dorsal root.

Electrophysiology recordings were undertaken for non-inflamed and inflamed rats. The
surgical procedure and recordings from the L6 dorsal-root was performed as described
previously (Sengupta and Gebhart, 1994). Briefly, rats were anesthetized with urethane
(1.5 mg/kg, i.p.). The trachea was intubated to mechanically ventilate the rat with room
air (55-60 strokes/min and 3—-4 ml stroke volume) after paralyzing the rat with Gallamine
triethiodide (5mg/Kg, i.v.). A polyethylene catheter (PE-50) was inserted into the femoral
vein for injecting test drugs and supplemental dose of anesthesia and muscle relaxant if

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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required. Following a midline laparotomy, a polyethylene catheter (PE-100) and 5F Millar
pressure transducer (MPR-500, 5F, AD Instruments, TX, USA) were inserted into the
bladder through the dome for UBD and recording of intravesical pressure. The catheter and
transducer were tied to secured it in place. The abdominal incision was closed by suturing in
layers with 3-0 silk sutures. The external urethral orifice was sealed with a tissue adhesive
to stop voiding through urethra. A laminectomy was performed to expose the spinal cord
from T13 to S4 and the dorsal aspect of the body was stabilized by clamping the thoracic
vertebra and hip bone with spinal clamps. The dorsal incised skin was reflected laterally
and tied to the spinal clamps to make a pool for mineral oil. The dura membrane was
carefully removed, and the spinal cord was covered with warm (37°C) paraffin oil. The

L6 dorsal root was identified and cut at its point of entry to the spinal cord. The nerve
action potentials were recorded from the distal cut end of the L6 dorsal rootlet as described
previously (Sengupta et al., 2002). The mechanosensitive afferent fibers innervating the
bladder was identified by distending the bladder (0.4ml, 10s) with saline (search stimulus).
Once a fiber exhibited increase in firing, the action potentials were filtered through a
window discriminator (BAK Instrument, MD, USA) preset at specific width of the window
for counting and the frequency of discriminated waveform was displayed as histogram of 1s
binwidth using Spike 5/CED data acquisition software.

2.7. Experimental protocol for electrophysiology recordings and drug testing

Initially, a baseline nerve action potential was recorded to check the firing pattern of

the nerve during spontaneous bladder contractions. The bladder catheter was connected
to infusion pump to fill the bladder slowly (flow rate: 0.1ml/min). The Millar pressure
transducer was connected to Millar bioamplifier (Mikro-Tip Catheter Transducers; Millar
Inc., Texas, USA) to record the intravesical pressure. The bladder was filled with warm
(37°C) saline slowly from 0 to 0.8ml and the response patterns of the afferent fiber were
recorded to increasing bladder volume (Analytical data not shown).

Following recording of fiber’s responses to slow infusion the bladder catheter was connected
to Mariotte’s bottle connected to barostatic distension device to deliver regulated isobaric
pressure. The bladder was distended with graded incrementing (10, 20, 30, 40 and 60mmHg)
pressure. The duration of each distension was 30 seconds and inter-stimulus time interval
was 3 minutes. Prior to testing the effect of BOM or OXM on mechanosensitivity of

bladder afferent fibers, a stimulus-response function (SRF) to graded bladder distension

was constructed. The test drug was injected either intravenously (i.v.) or locally into the
bladder (intravesical). A second SRF was constructed to graded UBD 10 minutes after the
injection of test drug. In first set of experiments, dose-dependent effect of BOM was tested
by injecting three different doses (1, 5 and 10mg/Kg, i.v.). Each dose was tested on one
afferent fiber. All three doses were not tested on single fiber. The most effective dose of
BOM (10mg/Kg, i.v. or 0.1ml of 10mg/ml intravesical) was used in subsequent experiments
to characterize the mechanism of action of the drug. In another set of experiments, third SRF
was constructed following the injection of NLX (10mg/Kg, i.v.) to reverse the effects of test
drugs. OXM was used in our experiment as a representative high efficacy p opioid receptor
agonist and as a positive control of BOM, since BOM is synthetically modified derivative

of OXM and OXM is available as a therapeutic option to manage chronic pain. We used a

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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single dose (10mg/Kg, i.v.) of OXM to test its effect on the mechanosensitivity of bladder
afferent fibers.

2.8. Surgical procedure for recording electromyograph (EMG) to urinary bladder
distension (UBD).

After testing the effect of BOM on responses of distension-sensitive bladder afferent fibers
we tested if this effect of the drug can attenuate bladder pain in awake rats. The pain evoked
by UBD was measured from inflamed (cystitis) and non-inflamed rats. EMG recording
electrodes were surgically implanted into the external oblique muscles of the abdomen
having the dermatomal motor nerve distribution from the lumbo-sacral spinal cord. Rats
were anesthetized with isoflurane (2% induction and 1.5% maintenance with flow rate 1 ml/
min). All surgical procedures were undertaken under aseptic condition. The lower abdomen
was opened by giving a midline incision (1-1.5cm) to expose the bladder. A small hole

was made to the dome of the bladder and a polyethylene catheter (PE-50) was inserted

into the bladder. The tip of the catheter was positioned in the middle part of the bladder

to make sure that the catheter was not obstructing the neck of the bladder. The hole was
closed by tying around the catheter with a silk (3-0) suture and the bladder was slowly
distended to check that there was no leak around the ligature and fluid is dripping out freely
through the urethra. The abdomen was closed in layers with silk (3-0) suture. A pair of
teflon-coated electrodes (Cooner Wire, Part No. A5631, Chatsworth, CA) stripped and flared
at the tip were implanted into the external oblique muscle of the abdomen 1-1.5 cm apart
to record the EMG of the muscles. The EMG recording electrodes and the bladder catheter
were tunneled through the dorsal aspect of the skin and externalized dorsally near the

neck. Electrodes and catheter were secured in place by suturing it to the neck muscle. Rats
received analgesic (Carprofen, 5mg/kg/day i.m.) for 3 days, and antibiotic (Enrofloxacin,
2.5mg/kg/day) for 2 days and housed separately.

2.9. Measurement of bladder pain to UBD

Following 72 hours’ post-op recovery, rats were placed inside a restraining tube for 2
hours/day for 3 days to acclimatize to experimental conditions. Following restraining
training, the visceromotor responses (VMRs) were measured by recording electrical
activities (EMG) generating during the contraction of abdominal muscle to UBD, a reflexive
muscular response to visceral stimulus. Before recording, the external urethral orifice was
sealed with the tissue glue (3M Vetbond, MN, USA) to prevent spontaneous voiding, which
allowed us to generate painful intravesical pressure. To distend the bladder, the bladder
catheter was connected to Marriotte bottle reservoir containing warm saline via a pressure
transducer (Maxxim Medical Disposable Transducer; Texas, USA). The slow filling of the
bladder was achieved as described in Section 2.7. For graded isobaric distension, the inlet
tube of the Marriotte’s bottle was connected to a barostatic distension device to deliver
constant distending pressure (isobaric) to the bladder as described in the previous section
(Section 2.7). The EMG signal was amplified using the amplifier (A-M System, model
1700, Sequim, WA) and displayed real-time on a computer screen during the protocol.

The data were recorded in real-time using the Spike 5/CED 1401 data acquisition software
(CED 1401; Cambridge Electronic Design, Cambridge, UK). A quantitative measurement
of increasing VMRs was recorded by distending the bladder to graded intensities (10, 20,

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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30, 40, and 60 mmHg). The duration of each distension was 30s and the inter-stimulus time
interval was three minutes.

2.10. Experimental protocol of VMR recordings and drug testing

Initially, the bladder was filled slowly as described in Section 2.7 to record the progressive
increase in VMR during to increasing bladder volume. Subsequently, a SRF to graded
distension pressures (10, 20, 30, 40 and 60mmHg) was constructed to record the increasing
VMR to increasing bladder pressure. The effects of BOM and OXM were tested in separate
experiments. In the first set of experiments, BOM or OXM was injected systemically (i.v)
to test for its overall effects on VMRs. To test the peripheral effects of BOM and OXM,

in next set of experiments drugs were instilled (0.1ml of 10mg/ml) into the bladder (i.e.,
intravesical) 10 minutes before repeating the SRF. To reverse the effect of BOM or OXM,
NLX (10mg/Kg, i.v.) was injected 2—3 minutes after recording the effects and the SRF was
repeated immediately after NLX injection.

2.11. Data analysis

(a) Histology and immunohistology analyses: The microscopic and histological
scoring of Toluidine blue stained bladder tissue was undertaken based on the three basic
criteria: (i) presence of no mast cells and no erosion of urothelium was scored as (+), (ii)
presence of very few mast cells and low level of edema and vascular congestion was scored
as (++); (iii) a high presence of clusters of toluidine blue-stained mast cells and erosion was
scored as (+++). The scoring was based on the total number of toluidine blue stained mast
cells in each viewing area (x40).

The immunostaining of the sections was examined using a Nikon eclipse 50i microscope
(Nikon, Tokyo, Japan) under the red fluorescence filter. Images were captured using similar
settings of exposure and gain for non-inflame and inflame samples. The immune-positive
cell somas were counted using Image J program software (NIH, Bethesda, MD, USA). For
total number of cells in a single tissue section, the background was adjusted to identify

cell soma with clear nuclei and cells with positive staining were identified by normalizing
the background staining (3 tissue sections/rat). The percentage of positive stained cells was
then calculated for all groups. The results are represented as mean £ SEM and p value <
0.05 was considered statistically significant (unpaired student #test). For illustration, images
were background adjusted using Adobe Photoshop CS6 and formatted using CorelDraw X8
software. All statistics were performed using GraphPad Prism 8.0 (GraphPad Software, San
Diego, CA).

(b) Electrophysiology analysis: The signal waveform analysis and the measurement
of firing frequency of nerve action potentials were performed as described previously
(Kannampalli et al., 2017). Briefly, in single fiber recording the nerve action potentials

were counted as impulses/second and represented as frequency histogram of 1s binwidth.
For multi-fiber recordings, the nerve action potentials were post-processed using Spike
5/CED signal waveform analysis and each UBD-sensitive fiber was separated for subsequent
analysis. The total number of action potentials over a 30s resting period prior to bladder
distension and during the distension period (30s) were counted and represented as mean

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.
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impulses/s. To measure the actual changes in response of the neurons to UBD, the mean
firing frequency during the resting period (30s pre-distension) was subtracted from the
mean firing frequency during the bladder distension (30s distension). The difference was
calculated for each distending pressure and the response was divided by the response

of the neuron to the maximum distension pressure (60mmHg) before the drug injection

to obtain normalized percentile values. For bladder slow infusion (SI) experiments, the
action potentials of the fibers were calculated pre-, during and post-SlI for a period of 60s
and compared with the response after BOM or OXM administration. Statistical analysis
was determined using a 2-way Analysis of variance (ANOVA) with Bonferroni’s multiple
comparison test. Values are expressed as the mean £+ S.E.M. and the p<0.05 was considered
as significant.

3.0. Results

3.1. Cellular changes of bladder tissues following instillation of protamine sulfate +
zymosan into the bladder.

Following intravesical instillation of protamine sulfate and zymosan into the bladder for
three days, the presence of mast cells in the tissue layers was identified and counted.

This data was compared to saline-treated bladder tissues. Figure 2A shows examples of
microscopical structures of bladder tissues from saline- and protamine sulfate + zymosan-
treated rats. In protamine sulfate + zymosan-treated rats, a focal cluster of mast cells was
noted in the lamina propria of the bladder (black arrows), whereas in saline-treated rats

the cells were sparingly present in the tissue. The analytical data indicate that the total
number of mast cells was significantly higher in protamine sulfate + zymosan-treated group
(n=3/group) compared to saline-treated group (n=3, t=15.81, df=4; *p < 0.0001 saline- vs
PS+Z-treated rats; fig. 2B).

3.2. Expression of p and & opioid receptors in L6 DRG

The influence of bladder inflammation on expressions of two subtypes of opioid receptors
was examined in L6 DRG, which contains the cell bodies of primary sensory neurons
innervating the urinary bladder of rats. Using IHC processing the expression of |1 and &
opioid receptors were characterized in L6 DRGs from non-inflamed (control) and inflamed
bladder. Figure 3 A-D illustrates examples of expressions of | and 6 opioid receptors in

the cell somas along with NF200 (neurofilament-200, marker for medium/large diameter
neurons). Qualitatively, these figures show that following inflammation of the bladder there
were marked increase in number of p- and &-opioid receptor (figs 3 Al and C1) compared
to non-inflamed group (figs 3 B1 and D1). Double-labeling study shows that approximately
30+3.3% of | opioid receptor labeled neurons are positive for NF200 in the inflamed

group compared to 19+1.6% in the non-inflamed group (o < 0.05 vs non-inflamed rats).
Additionally, about 34+2% of & opioid receptor labelled neurons are positive for NF200

in the inflamed group compared to 21+1.1% in the non-inflamed group (p < 0.05 vs
non-inflamed rats). We further quantified the number p and & opioid receptors of positive
cells in both inflamed and non-inflamed groups. The statistical analysis reveals that p and

& opioid receptor expressions are significantly higher in the inflamed rats (u-opioid receptor
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expression: 55.3 + 2.8 vs 42.3 + 1.3, &-opioid receptor expression: 48.7 + 1vs 39.7 + 1.5, *p
< 0.05 vs non-inflamed rats, fig. 3 E).

3.3. Expression of p-6 opioid receptor heteromers in L6 DRG

For further evaluation of the influence of bladder inflammation on opioid receptor
expression, the expression of -8 opioid receptor heteromer was examined in L6 DRG.
Using IHC the expression of u-8 opioid receptor heteromer was characterized in L6 DRGs
from non-inflamed and inflamed rats. The -8 opioid receptor heteromer expressing cells
were further characterized using two different neuronal markers, NF200 for large diameter
neurons and TRPV1 (transient receptor potential vanilloid receptor 1) small diameter
neurons. Figure 4 A-B illustrates examples of double-labeling for p-8& opioid heteromer
and NF200. Figure 4 C-D illustrates examples of double-labeling for u-& opioid heteromer
and TRPV1 in L6 DRGs. Double-labeling study shows that approximately 44+2.6% of
u-8 opioid receptor heteromer labeled neurons are positive for NF200 in the inflamed
group compared to 32+1.5% in the non-inflamed group (o < 0.05 vs non-inflamed rats).
Additionally, 43+2.3% of u-& opioid receptor heteromer labeled neurons are positive for
TRPV1 in the inflamed group compared to 32+1.7% in the non-inflamed group (p < 0.05
vs non-inflamed rats). The statistical analysis reveals that -5 opioid receptor heteromer
expression is significantly higher in the inflamed rats (inflamed vs non-inflamed: 46 + 0.8
and 38 + 1.2, respectively, *p < 0.05, fig. 4 E). We have also noticed an overall increase in
TRPV1 positive neurons in inflamed rats (inflamed vs non-inflamed: 200.8 + 15.3 and 143 +
6.7, respectively, p < 0.05).

3.4. Effect of BOM and OXM on distension-sensitive bladder afferent fibers in L6 dorsal

roots

The effects of BOM and OXM were tested on mechanotransduction properties of UBD-
sensitive afferent fibers during graded distension. The effect of BOM was tested on bladder
afferent fibers from inflamed rats and compared that with responses of fibers from non-
inflamed rats. OXM was tested on UBD-sensitive afferent fibers from inflamed rats. The
effect of BOM or OXM was tested on a separate set of afferent fibers from separate set of
rats. The SRFs to graded UBD were constructed before and after the injection of the drug.
Figure 5 illustrates examples of responses of one distension-sensitive bladder afferent fibers
from inflamed bladder before and after the injection of BOM (10mg/Kg, i.v.). The fiber
exhibited intensity-dependent increase in firing frequency to incrementing bladder pressure
(10 thru 60mmHg) (fig 5i). The mechanosensitivity of the fiber was inhibited about 10
minutes after the injection of BOM (fig 5ii). The responses of the fibers were completely
inhibited when the SRF was repeated after 45 minutes (fig 5iii). The recovery of these
afferent fibers varied from fibers to fibers ranging from 15 to 60 minutes. Responses of some
fibers (n=6) did not recover within one hour. In contrast to afferent fibers from inflamed
bladder, responses of fibers from non-inflamed bladder were not inhibited by BOM. We
also tested the effect of OXM on responses of UBD-sensitive afferent fibers (n=5). Figure

6 illustrates examples of responses of one afferent fiber from inflamed bladder to graded
UBD before and after the injection of OXM (10mg/Kg, i.v.). The drug produced inhibition
of responses of the fiber to graded bladder distension (fig 6, second column).
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Figures 7A and 7B illustrate the analytical data of dose-dependent effect of BOM on
responses of bladder afferent fibers from non-inflamed and inflamed bladder. Figure 7A
shows the mean SRFs of fibers from non-inflamed rats before and after i.v. injections of
5mg/Kg (n=5) and 10mg/Kg (n=16) of BOM indicating that the drug did not produce
inhibition of responses of these fibers. Subsequently, three doses (1mg, 5mg and 10mg/Kg,
i.v.) of BOM were tested on responses of afferent fibers from inflamed bladder to
standardize an optimum dose of BOM for subsequent experiments. Figure 7B illustrates the
mean SRFs of bladder afferent fibers before and after the i.v. injection of 1mg/Kg (n=11),
5mg/Kg (n=7) and 10mg/Kg (n=18) of BOM. Our results show that BOM dose-dependently
inhibited responses of UBD-sensitive afferent fibers from inflamed bladder (Fjazeraction (25,
396) = 2.064, Fyjistension (5, 396) = 125.7, Freatment (3, 396) = 13.85, *p < 0.01, **p<
0.001, ***p < 0.0001; fig. 7B). The results showed that among three doses 10mg/Kg of
BOM produced maximum inhibition of responses of these afferent fibers. Therefore, in rest
of the experiments we used this dose of the drug. To determine whether the anticociceptive
effects produced by BOM were 1 opioid receptor-dependent, we also tested whether NLX
can reverse the inhibitory effect of BOM. Therefore, in another set of experiments NLX
(10mg/Kg, i.v.) was injected after recording the effect of BOM on responses of the fibers
and the SRF was repeated. NLX not only reversed the firing frequency of these fibers, but
also significantly enhanced the responses ( Finteraction (10, 90) = 14.36, Fgjstension (5, 90) =
141.4, Fireatment (2, 90) = 158.2, *p < 0.01, **p< 0.001, #p< 0.01; #p < 0.001, ##p <
0.0001; fig. 7C). Similarly, the inhibitory effect of OXM (10mg/Kg, i.v.) was also reverted
by NLX (F jnteraction (10,72) = 1.768, Fyjstension (5, 72) = 39.89, Fireatment (2, 72) = 17.26, *p
<0.01, **p< 0.001, ***p< 0.001; #p< 0.01; #p < 0.001, ##p< 0.0001, fig. 7D).

3.5. The inhibition of VMRs to bladder distension following injection of BOM and OXM in

awake rats.

The main objective of testing these compounds in a behavioral model of bladder pain

was to validate the electrophysiology results that suggested that the attenuation of
mechanotransduction of UBD-sensitive bladder afferent fibers by BOM can alleviate painful
distension-evoked bladder pain. Effects of BOM and OXM were tested by injecting

the drugs via two routes; (a) intravenously (i.e., systemically), and (b) intravesical (i.e.,
topically on the urothelium) to test whether the drug can block VMRs by inhibiting the
impulse transmission from the nerve terminals. In these experiments, BOM (10mg/Kg, i.v.)
attenuated VMR to graded UBD only in bladder inflamed rats, but not in non-inflamed

rats. Figures 8A and 8B illustrate EMG responses of external oblique muscles of lower
abdomen during graded UBD and slow filling (analytical data are not shown) of the bladder,
respectively, before and after BOM (10mg/Kg, i.v.) injection. BOM markedly attenuated
VMRs during graded UBD (middle panel of 8A) and to slow filling (middle panel of 8B).
This inhibitory effect of BOM was fully reversed after injection of NLX (10mg/Kg, i.v.)
shown in bottom two panels of figs 8A and 8B. The mean SRFs clearly show that BOM
significantly attenuated VMRs to graded UBD of bladder inflamed rats (Anteraction (5, 264)
=5.716, Fjistension (5, 264) =35.44, Fyeatment (2, 264) = 36.27, *p < 0.01; *p < 0.001; fig.
9B) but failed to produce inhibition in non-inflamed rats (fig. 9A). The inhibitory effect of
BOM in bladder inflamed rats was significantly reversed by NLX (10mg/Kkg, i.V.) (Fnteraction
(10, 288) = 3.702, Fyistension (5, 288) = 34.71, Ayreatment (2, 288) = 26.81, #p< 0.01; #p<
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0.001; 10mg/Kg, i.v., fig. 9B), suggesting that the antinociceptive effect of BOM is | opioid
receptor-dependent. In another set of experiments, the effect of OXM on VMRs was tested.
Our results show that OXM (10mg/Kg, i.v.) also significantly inhibited VMRs to bladder
distension in bladder inflamed rats and this effect, which was significantly reversed by NLX
(10mg/kg, i.v.) (Finteraction (10, 54) = 4.557, Fyjstension (5, 54) =61.61, F treatment (2, 54) =
70.06, * p< 0.01; * p< 0.001; #p< 0.01; #p< 0.001, n=4, fig. 9C).

3.6. Effect of intravesical injection of BOM or OXM on VMRs to UBD in awake rats

Since the electrophysiology recordings from bladder afferent fibers have shown that

both BOM and OXM inhibit mechanosensitivity of these fibers to bladder distension, it

is conceivable that these compounds can inhibit the impulse transmission by blocking

the generator potential at the nerve endings or by blocking the propagation of nerve

action potentials. To test whether these compounds act locally at the nerve terminals,

we instilled BOM or OXM into the inflamed bladder and measured the VMR to graded
UBD. Intravesical application of BOM (0.1ml of 10mg/ml) significantly attenuated VMR
to graded UBD in inflamed rats (Fnteraction (10, 54) = 2.366, Fjistension (5, 54) =36.40,
Freatment (2, 54) = 28.71, *p< 0.01; **p < 0.001, ***p < 0.0001; fig. 10A), suggesting a
local effect of BOM. This inhibition of VMR fully reverted after instillation of NLX (0.1ml
of 10mg/ml, #p< 0.01; #p < 0.001, ##p < 0.0001 vs post-BOM). Similarly, intravesical
application of OXM (0.1ml of 10mg/ml) significantly attenuated VMR to graded UBD,
which was reversed by NLX (10mg/Kkg, i.V., Fjnteraction (10, 54) = 1.846, Fyjistension (5, 54) =
36.18, Fireatment (2, 54) = 42.30, *p< 0.01; #p < 0.01; #p< 0.001, ##p< 0.001, fig. 10B).

4. Discussion

IC/PBS is one of the major factors that causes chronic pelvic pain (CPP). The prevalence

of CPP is significantly higher in women than in men (5:1) (Berry et al., 2011). The exact
etiology of PBS/IC is not known, but there could be multiple contributing factors including
underlying chronic bladder inflammation, subclinical infection, urothelial dysfunction,
autoimmunity, genetics, and hyperexcitability of peripheral and central neurons (Grover
etal., 2011; Jhang and Kuo, 2016; Sant, 2002). Currently, there is no safe and highly

potent drug that can manage chronic visceral pain including IC/PBS. The use of opioid in
severe bladder pain is controversial and often it is associated with multiple CNS effects.

For example, MOR agonists morphine, fentanyl and codeine can cause euphoria, sedation,
respiratory depression, antidiuresis, and urinary retention (Quirion et al., 2020). Similarly,

x opioid receptor agonists like U50,488 produce diuresis, dysphoria, hallucinations, nausea,
vomiting, bradycardia, and vasodilation (Katzung, (2009); Khademi et al., 2016). It has been
documented that x opioid receptor agonists like U50,488, fedotozine and EMD 61 753 can
produce visceral antinociception by modulating responses of mechanosensitive pelvic nerve
afferent fibers innervating colon or bladder and vagal afferent fibers innervating the stomach
(Gebhart et al., 2000; Ozaki et al., 2000; Sengupta et al., 1999; Sengupta et al., 1996; Su et
al., 19973, b). However, the inhibitory effect of x opioid receptor agonists on responses of
mechanosensitive afferent fibers is basically via Na*-channel block, not via the activation of
opioid receptors (Joshi and Gebhart, 2003; Su et al., 2002).
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Compared to p and x opioid receptor agonists, the analgesic effects of 6 opioid receptor
agonists in visceral pain have not been studied in detail, especially their influence on

the primary sensory afferents innervating the viscera. The presence of & opioid receptors

in the somatosensory afferent fibers has been documented and the receptors are present

in both large and small diameter unmyelinated C-fibers (Ji et al., 1995; Mennicken et

al., 2003; Scherrer et al., 2009). The expressions of |, x, and &-like immunoreactivities

in rat DRGs have been shown after carrageenan-induced paw inflammation (Bardoni et

al., 2014; Wang and Wessendorf, 2001). & opioid receptors are present both in IB4 and
P2X3 expressing non-peptidergic (Francois and Scherrer, 2018) and substance P and CGRP
containing peptidergic unmyelinated C-fibers (Guan et al., 2005; He et al., 2010; Wang et
al., 2010). The presence of & opioid receptors on both types of somatosensory afferents
supports that these receptors are possibly involved both in thermal and mechanical pain
modulation (Dubois and Gendron, 2010; Normandin et al., 2013). In normal non-inflamed
skin, opioid agonists including & opioid receptor agonists do not produce any analgesic
effect; however, following Freund’s adjuvant-induced skin inflammation, morphine (u
opioid receptor agonist) and deltorphin (6 opioid receptor agonist) produce analgesic effects.
IHC examination has revealed higher expressions of functional g and & opioid receptors in
cutaneous sensory afferents (Brederson and Honda, 2015).

Due to widespread misuse and addiction of opioids, the U.S. Department of Health
Services (USDHS) declared the opioid crisis in 2017 (Iwanicki et al., 2018; Kirson et

al., 2017), which led NIH to initiate the HEAL (Helping to End Addiction Long-term;
https://heal.nih.gov/) initiative research plan. Goals of the HEAL initiative include: (1) to
design safe, effective, and non-addictive analgesics to manage chronic pain; (2) to identify
new, innovative medications and therapeutic approaches to treat opioid use disorders; and
(3) to implement the strategy of overdose prevention and reversal interventions to save lives
and support recovery. The growing availability of bifunctional ligands acting at multiple
opioid receptor targets provides unique opportunities to discover safe, effective medications
to manage chronic pain conditions (Morphy et al., 2004; Morphy and Rankovic, 2005, 2009;
Mosberg et al., 2014).

Therefore, the objective of this study was to test the analgesic effect of BOM in cystitis-
induced bladder pain. The first strategy of the study was to investigate whether BOM can
peripherally attenuate excitation of distension-sensitive bladder afferent fibers to noxious
bladder distension and if the effect is via multiple opioid receptors present in the sensory
neurons. The second strategy was to validate the electrophysiology results in behavioral
model of bladder pain both in non-inflamed bladder and protamine sulfate and zymosan-
induced inflamed bladder. Since our results exhibit that BOM can modulate bladder pain by
inhibiting the functions of bladder afferent fibers from cystitis rats, our third strategy was

to investigate if inflammation influences the expressions of  and & opioid receptors and
p-& heteromers in primary sensory afferents. BOM is a bifunctional p opioid receptor partial
agonist and & opioid receptor antagonist. The compound is typically a partial agonist for p-
and 6-opioid receptor antagonist. The compound has been structurally modified from OXM,
a MOR agonist, to enhance the affinity for & opioid receptor and lower the efficacy for p
opioid receptor. Therefore, in the present study we also tested the effect of OXM to identify
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any major differences of these drugs in modulation of functions of bladder sensory afferents
and bladder pain.

The electrophysiology recordings have shown that BOM dose-dependently attenuates
responses of UBD-sensitive afferent fibers projecting to lumbar spinal cord via L6 dorsal
root. Interestingly, the drug can only inhibit responses of afferent fibers from inflamed
bladder, but not the fibers from non-inflamed bladder. Similarly, OXM produced inhibition
of responses of bladder afferent fibers from cystitis rats. NLX completely reversed the
effect of BOM and OXM, suggesting that the inhibition of fibers’ responses by BOM and
OXM is via 1 opioid receptors and not a non-specific effect. The role of & opioid receptor
antagonism on modulating the effects on bladder pain is currently unclear: since our main
objective with this initial study was to test the peripheral effect of a bifunctional |1 opioid
receptor agonist in modulation of bladder pain, we did not explore whether & agonists are
similarly effective in this model, or whether BOM would be able to reverse the effects of

& opioid receptor agonists. Since & opioid receptor agonists produce proconvulsive effects
in vivo, their development as analgesics and antidepressants has been limited (Comer et al.,
1993; Hong EJ, 1998). Although these results clearly document that BOM inhibits impulse
transmission through the spinal bladder afferent fibers, it does not exclude the effect of the
drug at the spinal level. It has been shown previously that BOM produces antinociception
in the hot plate and tail-flick latency tests following systemic administration (Healy et al.,
2017). Subsequently, drug discrimination tests determined that BOM has central availability
and produces central p opioid receptor-mediated effects in rats (Mada et al., 2020). Our
current study documents for the first time that apart from its central effect, the drug also
exerts peripheral effects by modulating the responses of primary sensory afferents.

The painful bladder distension produces contraction of external oblique muscle of the
abdomen in fully awake rats, a pseudaffective reflex action via the spinal pathway
(Woodworth and Sherrington, 1904). This phenomenon is known as viscero-motor response
(VMR) when the muscular rigidity develops during noxious visceral distension. The VMR
is a well standardized test to study the antinociceptive effects of various agents. To validate
our electrophysiology results that the attenuation of responses of bladder afferents by BOM
can produce visceral antinociception, our next strategy was to test the effect of this drug in
a behavioral model of bladder pain. The results clearly demonstrate that BOM (10mg/Kg,
i.v.) significantly inhibited VMRs during graded (10-60mmHg) UBD and to slow filling of
the bladder in cystitis rats, but not in non-inflamed rats. A striking difference that occurred
in this study is that the dose magnitude and potency of the drug to attenuate bladder pain

is much less compared to previously observed effects in thermal pain where 20mg/Kg, s.c.
of BOM virtually produced indistinguishable effect in hot plate and tail flick tests (Healy et
al., 2017; Mada et al., 2020). We believe that the inflammation of the organ plays a critical
role on the effective dose of opioids, since the expressions of opioid receptors and functional
character of opioid receptors markedly change after inflammation. Multiple studies have
shown that inflammation and nerve injured neuropathic pain enhance expressions of u and
& opioid receptors and p-8& heteromers in DRGs (Brederson and Honda, 2015; Gomes

et al., 2004; Pol et al., 2001; Stein, 2018; Stein and Zollner, 2009; Tiwari et al., 2020;
Wenk et al., 2006). Our IHC results clearly show that following bladder inflammation

there was a significant increase of p and & opioid receptors and p-8& heteromers in L6
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DRGs. Our IHC experiments focused on these three receptor types because BOM binds to

u and & opioid receptors with highest affinity. Based on previous reports and our present
IHC results it is conceivable that BOM is efficacious due to overexpression of functional
opioid receptors in DRG cell somas. Our present study complements a previous report that
documented that peripherally-restricted opioids attenuate behavioral hyperalgesia in models
of inflammatory pain, with little or no effect in normal non-inflamed animals (Stein and
Zollner, 2009), suggesting that the activation of opioid receptors on sensory axons decreases
afferent excitability. It is also known that the inflammation of peripheral tissues that results
in overexpression of opioid receptors leads to increased axonal transport of opioid receptors
from the DRG cell somas (Puehler et al., 2004), resulting in enhanced G-protein coupling

at sensory nerve terminals. In this context, even a small increase in receptor expression

as observed in our present study may not be the only cause of effectiveness of BOM in
inflamed animals, but it could also involve other factors including inflammation-induced
altered allosteric modulation, binding affinity, intrinsic efficacy, or phosphorylation and
other post-translation modifications of the receptor molecules. We have documented in
bladder pain measurement experiments that topical application of BOM by injecting the
drug into the bladder can also produce antinociception, suggesting that drug binding with the
available opioid receptors at the nerve endings can decrease afferent excitability.

In summary, the use of high efficacy p opioid receptor agonists in treating IC/PBS remains
controversial due to the severe central adverse effect profile of this class of receptors.
Bifunctional p and & opioid receptor ligands offer promise as analgesics with a low
propensity to produce tolerance and dependence on repeated administration (Ananthan,
2006). Moreover, studies indicating that the 6-opioid receptor antagonist naltrindole
reversed alfentanil-induced respiratory depression (Freye et al., 1992) and enhanced colonic
propulsion (Foxx-Orenstein et al., 1998) suggest that a bifunctional opioid ligand may cause
lesser respiratory depression and gastrointestinal side effects.

Conclusion

The high efficacy we observed of BOM in blocking visceral pain suggests that bifunctional
W opioid receptor partial agonists also have significant potential in treating inflammatory
visceral pain while producing blunted adverse effects. In the context of previous studies
indicating low abuse liability, our current results suggest that BOM may provide a
powerful therapeutic action for safe, effective pain relief for patients with IC/PBS. The
results reinforce our VMR results that BOM possibly produces analgesic effect partly by
attenuating functions of bladder afferent fibers.
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Highlights
Bladder inflammation (cystitis) enhances the expressions of y-, &-, and p-6-

heteromer receptors in L6 DRGs.

A bifunctional opioid ligand compound benzylideneoxymorphone (BOM), a
partial p-opioid receptor agonist and 6-opioid receptor antagonist, attenuates
mechanotransduction properties of bladder afferent fibers in the lumbar 6 (L6)
root.

In objective bladder pain measurement model, BOM significantly inhibits
bladder distension-evoked pain.

Results clearly indicate that BOM produce analgesic effect in cystitis.

Results show that BOM produces antinociception by modulating the functions
primary sensory neurons innervating the urinary bladder.
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Figure 1:
Illustrates the chemical structure of benzylideneoxymorphone (BOM).
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Figure 2:
Illustrates cellular changes of bladder tissues intra-vesicle instillation of saline and

protamine sulfate (PS)+zymosan (Z) exposure for three days. The bladder tissues were
stained with Toluidine blue to assess the effect of treatment on mast cell expression (2A; 40x
objective). Focal clusters of mast cells are noted in the lamina propria of the bladder which
are significantly higher in PS+Z-treated groups compared to saline-treated control (black
arrows). The mast cells were significantly high in PS+Z-treated bladder tissues compared to
saline-treated rats (*~ < 0.01 saline- vs PS+Z-treated rats, 2B).
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Figure 3:

Illustrates immunostaining for p- and 6-opioid receptor positive cell bodies located in L6
DRGs from inflamed and non-inflamed rats. All tissues were counterstained with NF200
marker for large diameter cell bodies. Panels A and B illustrate immunostaining for p-opioid
receptor and NF200 in DRG cell bodies from inflamed and non-inflamed rats, respectively.
In L6 DRG from inflamed rat, A1 shows immunostaining for p-opioid receptor, A2 shows
immunostaining for NF200 and A3 illustrates merged image showing colocalization of p-
opioid receptor and NF200 expression. In L6 DRG of non-inflamed rat, B1 shows p-opioid
receptor staining, B2 is NF200 staining and B3 is merged image showing colocalization

of MOR ad NF200 expression. Panels C and D illustrate immunostaining for &-opioid
receptor and NF200 in L6 DRGs from inflamed and non-inflamed rats, respectively. In
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DRG of inflamed rat, C1 shows immunoreaction for &-opioid receptor, C2 is for NF200
positive cells and C3 is merged image showing colocalization of &-opioid receptor and
NF200 expression. D1 shows &-opioid receptor staining, D2 is for NF200 staining and D3

is merged image showing co-expression of §-opioid receptor and NF200. The white arrow
heads indicate - and &-opioid receptor positive cells, the open arrow heads represent NF200
positive cells and the white arrows represent neurons expressing NF200 and p/6-opioid
receptor. The scale bar is 100um. E: Shows the quantitative analysis of - and &-opioid
receptor expression in non-inflamed and inflamed groups, *p < 0.05.

Neuropharmacology. Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Terashvili et al.

Page 25

kel
Q
€
=
E
<
hel
Q
1S
g
E
<
o
c
m
°
(0]
€
)
£
o
H-5 Heteromer
hel
[0
=
S
£
<
o
=
[a)
M-8 Heteromer
E p-d heteromer receptor
* n=5
50+
2
9] n=4
3 40+ —_1
[ =
2 301
@
8
— 20
©
9
G 10
S
non-inflamed  inflamed
Figure 4:

Illustrates immunostaining for p-& heteromer-positive cell bodies located in L6 DRGs

from inflamed and non-inflamed rats. Panels A and B illustrate immunostaining for p-6
heteromer opioid receptor and NF200 from inflamed and non-inflamed rats, respectively. Al
shows immunostaining for p-6 heteromer, A2 is NF200 staining and A3 is merged image
showing colocalization of -6 heteromer and NF200 expression in DRGs from inflamed

rats. Similarly, B1, B2 and B3 represent -6 heteromer, NF200 and co-expression of

p-& heteromer and NF200, respectively in non-inflamed rats. Panels C and D illustrate
immunostaining for u-& heteromer opioid receptor and TRPV1-positive cell bodies from
inflamed and non-inflamed bladder, respectively. C1 represents u-8 heteromer, C2 is TRPV1
staining and C3 is merged image showing colocalization of p-6 heteromer and TRPV1
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expression in inflamed rats. Similarly, D1, D2 and D3 represent p-6 heteromer, TRPV1 and
co-expression of -8 heteromer and TRPV1, respectively in non-inflamed rats. The white
arrow heads indicate u-& heteromer positive cells, the open arrow heads represent NF200/
TRPV1 positive cells and the white arrows represent neurons expressing p-& heteromer and
NF200/TRPV1. The scale bar is 100um. E: Shows the quantitative data analysis of u-8
heteromer receptor positive cells in non-inflamed and inflamed groups, *p < 0.05.
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Figure 5:

: . ‘[ -
60mmHg

30 sec

Illustrates the examples of responses of a UBD-sensitive afferent fiber in L6 spinal

dorsal root before and after injection of BOM (10mg/Kg, i.v.). In each panel, the top

trace represents frequency histogram (1s binwidth) of nerve action potentials. The middle
trace shows evoked nerve action potentials, and the bottom trace is intravesical pressure.
Column (i) shows increase in firing frequency of the nerve fiber to incremental changes

of intravesical pressure (10 thru 60mmHg). Column (ii) shows partial inhibition of firing
frequency of the nerve after the injection of BOM. The fiber did not exhibit any firing when
the bladder was distended after 45 minutes (column iii).
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Illustrates the examples of responses of a UBD-sensitive afferent fiber in L6 spinal dorsal
root before and after injection of OXM (10mg/Kg, i.v.). In each panel, the top trace
represents frequency histogram (1s binwidth) of nerve action potentials. The middle trace
shows evoked nerve action potentials, and the bottom trace is intravesical pressure. The first
column shows the increase in firing frequency of the nerve fiber to incremental changes

of intravesical pressure (10 thru 60mmHg) prior to injection of OXM. The second column
shows partial inhibition of firing frequency of the about 10 mins after the injection of OXM.
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Figure 7:
Shows the mean stimulus-response functions (SRFs) of UBD-sensitive afferent fibers before

and after the injection of BOM or OXM and the reversal of inhibitory effects of these
compounds by NLX (10mg/Kg, i.v.). BOM was tested on fibers from both non-inflamed
and inflamed bladder. 7A: BOM (5mg/Kg, n=5 and 10mg/Kg, i.v., n=16) did not produce
inhibition of firing of UBD-sensitive afferent fibers innervated non-inflamed bladder. 7B:
shows the mean SRFs of UBD-sensitive afferent fibers from inflamed bladder. BOM
produced dose-dependent (5mg/Kg, n=7, gpen and filled triangles and 10mg/Kg, i.v. n=18,
open and filled circles) inhibition of firing of these fibers (5mg/Kg: #p < 0.01 vs pre-BOM;
10mg/Kg: *p < 0.01; **p < 0.001 vs pre-BOM). The low dose (1mg/Kg, i.v., n=11, open
and filled squares) of the drug did not produce inhibition of responses of these afferent
fibers. 7C: shows the mean SRFs of fibers before and after the injection of BOM (10mg/Kg,
i.v., n=6) followed by injection of naloxone (10mg/Kg, i.v.). BOM (10mg/Kg) significantly
inhibited the responses of these fibers (*p < 0.01; **p < 0.001 vs pre-BOM, filled circles),
which was reversed and significantly enhanced by NLX (*p < 0.01, #p< 0.01 ##p < 0.01
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post-BOM, filled triangles). 7D: shows the mean SRFs of UBD-sensitive afferent fibers
before and after the injection of OXM (10mg/Kg, i.v., n=5) followed by NLX (10mg/Kg,
i.v.). OXM significantly inhibited the responses of these fibers (*p < 0.01; **p < 0.001 vs
pre-BOM, filled circles), which was reversed by naloxone; (*p < 0.01, #p < 0.001 ##p <
0.0001 post-BOM, filled triangles).
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Illustrates viscero-motor responses (VMRS) represented as EMG activities during bladder
distension of one awake rat. In each panel, the top trace show the integrated EMG activities
represented as are under the curve (AUC). The middle trace is distension-evoked electrical
activities (EMG) during muscle contractions and the bottom trace is bladder pressure
recorded by external pressure transducer. 8A: shows the VMRs to graded (10-60mmHg,
30s) before (top panel) and after (middle panel) the injection of BOM (10mg/Kg, i.v.)
followed by NLX (10mg/Kg, i.v.). The rat exhibited distension intensity-dependent increase
in EMG activities prior to BOM injection (fop panel). After BOM injection the EMG
activities were markedly decreased (middle panel). The bottom panel shows that following
NLX injection the rat exhibited increasing EMG activities to graded distension. 8B: shows
the EMG responses during the slow filling (0-0.8ml @ 0.1ml/min) of the bladder. The
EMG of the abdominal muscle progressively increased with increasing bladder filling
pressure (fop panel). Following the injection of BOM (10mg/Kg, i.v.) EMG activities
completely abolished (middle panel). The drug also inhibited spontaneous contractions of
bladder. However, after the injection of naloxone BOM-induced inhibition of EMG not only
reversed, but also exhibited an increase in EMG activities (lower panel).
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Figure 9:
Illustrates the mean SRFs of VMRs before and after the injection of BOM or OXM

(10mg/kg, i.v.) injection in non-inflamed and inflamed rats and the effect of NLX (10mg/kg,
i.v.). In bladder non-inflamed rats, BOM did not attenuate VMR (9A), whereas in bladder
inflamed rats BOM significantly inhibited VMRs to graded UBD (*p < 0.01; **p < 0.001
vs pre-BOM, filled circles, 9B). The injection of NLX reversed and significantly enhanced
the VMRs (*p < 0.01; #p < 0.001 vs post-BOM, filled triangles, 9B). Similarly, OXM
(10mg/Kg, i.v.) produced significant inhibition of VMRs (*p < 0.01, **p < 0.001, ***p

< 0.0001 vs pre-drug, filled circles, 9C) and naloxone completely reversed the inhibition
and significantly enhanced the EMG responses (*p < 0.01, #p < 0.001, ##p < 0.0001 vs
pre-drug, filled triangles, 9C).
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Figure 10:
The mean VMRS to graded (10-60mmHg, 30s) UBD in awake rats before and after

intravesicular instillation of BOM or OXM and reversal of effects of these drugs’ by NLX.
10A: shows the mean SRFs of VMRs to UBD before and after the instillation of BOM
(0.1ml of 10mg/ml) into the urinary bladder. About 5 minutes after BOM instillation the
mean VMR was significantly inhibited (*p < 0.01, **p < 0.001, ***p < 0.0001 vs pre-BOM,
n=4, filled circles). This inhibition was significantly reversed after the instillation of NLX
(0.1ml of 10mg/ml) into the bladder (*p < 0.01, #p < 0.001, ##p < 0.0001 vs post-BOM,
n=4, filled triangles). 10B: shows the mean SRFs to graded UBD before and after the
instillation of OXM (0.1ml of 10mg/ml) into the bladder. OXM significantly inhibited the
mean VMRs (*p < 0.001 vs pre-OXM, n=4, filled circles). This inhibition of VMRS was
significantly reverted after the intravesical instillation of NLX (0.1ml of 10mg/ml, #p <
0.001, #p < 0.0001 vs post-BOM, n=4).
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