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Safety and efficacy of
intravesical instillation of
resiniferatoxin in healthy cats: A
preliminary study
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Juan M. Jiménez-Andrade?, Alexis Nahama* and
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Reynosa-Aztlan, Universidad Autonoma de Tamaulipas, Reynosa, Tamaulipas, Mexico, *ARK Animal
Health, Sorrento Therapeutics, San Diego, CA, United States

Objectives: To evaluate the safety of intravesical application of resiniferatoxin
(RTX) in healthy cats and its effects on calcitonin gene-related peptide (CGRP)
and substance P (SP) produced by C-fibers.

Methods: Seven adult female cats received either 25 mL of saline (control;
n = 1), or intravesical RTX at 5, 25, or 50 ng in 25mL of saline to a
final concentration of 0.2 g/mL (318 nM), 1 ng/mL (1,591 nM), and 2 ng/mL
(3,181 nM) (n = 2 per group). The treatment was instilled into the urinary
bladder for 20 min. Plasma concentrations of RTX were measured at O, 0.5,
1, and 4h. Physical exam, complete blood count, and serum biochemical
analysis were performed on day O, 7, and 14. After 14 days, the sacral dorsal
root ganglia (DRG) and the urinary bladder were harvested for histological and
immunofluorescence analysis.

Results: Intravesical RTX was well tolerated and plasma concentrations were
below the quantifiable limits except for one cat receiving 1 ug/mL. Mild to
moderate histopathological changes, including epithelial changes, edema, and
blood vessel proliferation, were observed at lower doses (0.2 and 1 ng/mL), and
were more severe at the higher dose (2 wg/mL). C-fiber ablation was observed
in the urinary bladder tissue at all doses, as shown by an apparent reduction of
both CGRP and SP immunoreactive axons.

Conclusion: A dose of 25 pg (1 wg/mL) of RTX instilled in the urinary bladder
of healthy cats appeared to decrease the density of SP and CGRP nerve axons
innervating bladder and induced moderate changes in the bladder tissue.

KEYWORDS

C-fibers, feline, interstitial cystitis, pain, substance P, urinary bladder, calcitonin
gene-related peptide (CGRP)
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Introduction

Resiniferatoxin (RTX) is a natural occurring diterpene
isolated from the latex of different species of Euphorbia, a
cactus-like plant found in Morocco. Its structure is related to
the phorbol esters, with esterification at the 20-hydroxyl group
position with a 4-hydroxy-3-methoxyphenylacetate, which
makes this molecule an irritant (1). RTX is a potent agonist
of transient receptor potential vanilloid 1 (TRPV1), a calcium-
permeable non-selective cation channel. These receptors are
located on primary afferent neurons responsible for nociception
(2). Cytotoxicity of TRPV1-expressing neurons is caused by the
prolonged calcium-influx induced by RTX binding (3), and the
destruction of myelinated A3-fibers and unmyelinated C-fibers
expressing these receptors has shown to block clinically relevant
pain while sparing somatic sensitization (4-6). The efficacy
of RTX has been reported for both central, via intrathecal
injection (5, 7, 8), and peripheral route. The latter use decreases
systemic adverse effects and allows for treatment of localized
pain. Peripheral injection of RTX has shown strong efficacy
for surgical pain (9), thermal injury (10), and arthritis (11) in
rodents and long term pain relief in dogs with osteoarthritis (12).

Substance P (SP), a that
nociception and neurogenic inflammation,

neuropeptide mediates
co-localizes
with TRPV1-expressing primary afferent neurons (13). Loss
of SP immunoreactivity is therefore considered to be an
indication of a loss of small TRPV1(+) peptidergic neurons
(14-17). Similarly, the calcitonin gene-related peptide (CGRP)
is localized in C-type sensory neurons (15, 16). Previous
studies in mice have also reported that the great majority of
CGRP-immunoreactive axons in myenteric ganglia are also
TRPV1-immunoreactive (18).

Feline interstitial cystitis (IC) is a multifactorial syndrome
where the neuroaxis is sensitized to sensory inputs (19). The
exact etiology is unknown; however, intrinsic and extrinsic
abnormalities, and environmental changes may play a role (19).
Cats affected by this syndrome have an increase in high affinity
SP binding sites in the urothelium (20, 21).

It has been shown that the sacral region, primarily S2,
provides the main source of afferent innervation to the urinary
bladder and urethra in the cat (22). Furthermore, in subjects
affected with IC, cell bodies in the dorsal root ganglia (DRG)
between L4 and S3 had an altered neuropeptide profile and were
28% larger than those from normal cats (23).

The goals of the current study were to assess the safety of
RTX instilled into the urinary bladder, as well as the effects on
SP and CGRP immunoreactivity in cell bodies and their axons
innervating bladder in healthy female cats. The specific aims
of the study were: (1) to describe the clinical tolerability, (2)
to measure plasma concentrations, (3) to visualize and quantify
axons and cell bodies expressing SP and CGRP in the urinary
bladder and sacral DRG, and (4) to assess the cellular integrity of
the urinary bladder tissue after intravesical application of RTX.
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We hypothesized that RTX would be well tolerated with minimal
systemic absorption, a decrease in SP and CGRP would occur in
both the urinary bladder and corresponding DRG, and minimal
to no histological changes would be noted in the urinary bladder
tissues after instillation of RTX.

Materials and methods

Animals

A pilot study was conducted to determine the location and
presence of SP and CGRP in the normal feline urinary bladder
and sacral DRG (S1 and S2). Two healthy adult sexually intact
female cats were euthanized via total body perfusion under
general anesthesia using 1L of NaCl 0.9% followed by 1L of
10% neutral buffered formalin. At the end of the procedure, the
urinary bladder, S1, and S2 were harvested and submitted for
immunofluorescence analysis.

Seven adult sexually intact female cats, weighing 3.1 +
0.17 kg, between 2 and 5 years of age, were enrolled in the study.
Animals were deemed healthy based on physical examination
and blood testing including a complete blood count and serum
biochemical analysis. Cats were housed in groups of two or
three subjects per cage and were acclimated for a minimum
of 7 days in an animal housing facility at the University
of Georgia, College of Veterinary Medicine. A commercially
available maintenance diet was offered twice a day and water
provided ad libitum.

Study design

A prospective, masked, randomized design was used for this
study. Anesthesia was induced with 5 mg/kg of ketamine, 0.3
mg/kg of butorphanol, and 7 pg/kg of dexmedetomidine IM.
After orotracheal intubation, general anesthesia was maintained
with isoflurane in 100% oxygen delivered via a rebreathing
system. Intravenous catheters were placed in the cephalic vein
and in the jugular vein for administration of lactated Ringer’s
solution at a rate of 3 mL/kg/h and blood collection for RTX
plasma analysis, respectively. End tidal carbon dioxide, heart
rate, respiratory rates, SpO;, ECG, and non-invasive blood
pressure were recorded throughout the procedure using a
multiparameter monitor (SurgiVet Advisor vital signs monitor,
Smiths Medical, Saint Paul, MN, USA). Animals were assigned
to receive an intravesical instillation of RTX (Resiniferatoxin,
ARK Animal Health, San Diego, CA, USA) (6 subjects) or an
equivalent volume of sterile saline (control, 1 subject). The
RTX used in the current study was formulated in accordance
with the Good Manufacturing Practice (GMP) regulations and
contained 3% Polysorbate 80. Cats receiving RTX were divided
into three treatment groups (two subjects per group): 5, 25, and
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50 pug of RTX total. The study drug was stored in a dedicated
refrigerator and maintained at all time at a temperature between
2 and 8°C (average temperature 4°C). RTX was mixed with
25mL of saline immediately prior to administration to a final
concentration of 0.2 pg/mL (318 nM), 1 pg/mL (1,591 nM), and
2 pug/mL (3,181 nM), respectively.

After preparing the area using chlorhexidine solution, a 4 or
5 French Foley urinary catheter (Foley Catheter with wire stylet,
Mila International, Inc., Florence, KY, USA) was placed using
aseptic technique. The catheter balloon was inflated with the
manufacture’s recommended volume of saline and the urinary
bladder was emptied. Before the RTX administration, 25 mL
of sterile saline were instilled in the urinary bladder over 60s
and then removed. After flushing the bladder, the treatment was
instilled over 60 s and left in the urinary bladder for 20 min. The
bladder was then emptied and the subject was kept under general
anesthesia for an additional 60 min. At the end of this period, the
indwelling catheter was removed and the subject was allowed to
recover and returned to their cage.

Cats were observed twice daily for 14 days and were
monitored for decrease in food consumption and defecation,
urinary incontinence, stranguria, and changes in behavior, such
as decrease in activity and grooming. During this assessment,
the abdomen was palpated for signs of discomfort, including
vocalization and aggressive behavior. Blood samples were
collected at day 7 and 14 for complete blood count and serum
biochemical analysis.

Drug analysis

A baseline blood sample was collected from the jugular
catheter before treatment administration. Blood was also
collected at 30min, 1h, and 4h after intravesical instillation
of RTX. A 1mL sample was discarded prior to collection of
2mL, which was immediately transferred to blood tubes (BD
Vacutainer, 2.0 mL, Becton Dickinson and Co., Franklin Lakes,
NJ, USA) containing KEDTA. Samples were centrifuged for
10min at 1,500g within 5min after collection. The plasma
obtained was homogenized via pipetting, aliquoted into 1.5 mL
cryogenic vials, and frozen at —80°C.

Plasma samples containing RTX were spiked with RTX-d5
as internal standard and were processed using a supported
liquid extraction procedure using a 96-well plate (Novum
™ SLE Mini 96-well plate, Phenomenex, Torrance, CA,
USA). A mixture of hexane:MTBE (650:350, v/v) was used
to extract the plasma sample, which was then dried under
nitrogen. Extracts were analyzed by high performance liquid
chromatography using a Waters CORTECS UPLC C18 column.
The mobile phase was nebulized using heated nitrogen in
electrospray positive ionization mode and compounds were
detected using tandem mass spectrometry (Waters Xevo TQ
system, Waters Corporation, Milford, MA, USA). Samples were
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assayed in triplicate and the average was reported as the
sample concentration. The peak areas of RTX and the internal
standard (IS) were acquired using commercially available
software (Analyst v. 1.6.2, AB Sciex, Framingham, MA, USA).
The calibration curves were obtained by fitting the peak area
ratios of RTX/IS and the standard concentrations to a linear
weighted (1/x2) equation using software (Analyst).

The correlation coefficient of the calibration curve was
0.999. The back-calculated calibration standard concentrations
were within £ 8% of the actual values and indicated that the
RTX standard and response could be described by a linear
weighted (1/x2) equation for concentrations ranging from 50.0
to 10,000 pg/mL (0.08-16 nM). The accuracy of the method was
determined by comparing the mean measured concentrations
with the theoretical concentrations of the compound in the
quality control (QC) samples. The theoretical concentrations
used were 150, 800, and 8,000 pg/mL (0.24, 1.27, and 12.72 nM)
and the measured concentrations were reported as the average
of three replicates. For RTX QC samples, the deviation of the
mean from theoretical values did not exceed 4.00%. For the QC
samples prepared in feline plasma, the precision of the method
was determined from the percent coefficient of variation (%CV)
of the QC sample replicates at each concentration level. The
%CV for RTX QC samples ranged from 0.462 to 2.50%. The limit
of quantification for this method was 50 pg/mL (0.08 nM).

Tissue collection and preparation

Euthanasia was performed 14 days after RTX administration
via total body perfusion with the animal under general
anesthesia. The same anesthetic protocol described for the
instillation of RTX in the urinary bladder was used for this
procedure. A lateral thoracotomy at the level of the 4th
intercostal space was performed, a cannula was inserted into the
aorta and secured with umbilical tape. The blood was cleared
by administration through the cannula of 1L of NaCl 0.9%
between 18.7 and 21.5 kPa (140 and 160 mmHg) of pressure
followed by 1L of 10% neutral buffered formalin. At the same
time, an incision was made into the right ventricle to drain the
blood and excess sterile saline. After confirmation of successful
euthanasia, the sacral DRG S1 and S2 and the body, trigone, and
fundus of the urinary bladder were harvested and submitted for
immunofluorescence and histological analysis.

Tissue samples were placed into separate containers and
fixed in 10% formalin at 4°C for 24 h. The following day, samples
were transferred to 0.1 M PBS and stored at 4°C for up to 3 days.
Tissues were then washed in fresh 0.01 M PBS and immediately
cryopreserved in a 40% sucrose solution for at least 2 days and no
more than 7 days at 4°C. Bladders were then cut into serial cross
sections (30 pm thick) with a cryostat (Leica cryostat, CM1900,
Wetzlar, Germany) in an anatomical frontal plane. S1 and S2
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DRG were cut into serial cross sections (15 pum thick) in an
anatomical sagittal plane.

Histological analysis

Tissue sections from the body, fundus, and trigone of the
urinary bladder were stained with hematoxylin and eosin. A
semiquantitative histopathological analysis was performed by
a medical pathologist with more than 30 years of experience
who was masked to the treatment groups. Briefly, mild dysplasia
of the basal membrane and epithelium of the cat urinary
bladder was defined when the cell nuclei were hyperchromatic
and enlarged (Tables 1, 2). Furthermore, fibrosis in the lamina
propria was graded based on the number of fibroblasts with
an irregular shape (elongated) per visual field; mild (<5 cells),
moderate (between 5 and 10 cells) and severe (more than
10 cells). Edema of muscle layers and blood vessels were
subjectively graded based on the separation space between
muscle fascicles and the amount of fluid surrounding the
vessels, respectively. Finally, proliferation of blood vessels was
defined as mild (<5 blood vessels), moderate (between 5 and 10
blood vessels) and severe (more than 10 blood vessels per field
of view).

Immunofluorescence quantification

Both SP (rabbit-anti-rat SP, catalog # 20064, ImmunoStar,
Hudson, WI, USA) (24) and CGRP (rabbit-anti-rat CGRP,
catalog # C8198, Sigma Aldrich, St. Louis, MO, USA) (25)
antibodies were used to indirectly identify TRPV1 axons
innervating the feline urinary bladder and TRPV1 positive cell
bodies in the S2 DRG. SP and CGRP immunoreactivity of
bladder and DRG tissue was visualized in cross-sectional frozen
sections using indirect immunofluorescence. Sections were
mounted onto glass slides, incubated with 5% blocking solution
(5% normal donkey serum, 0.5% Triton X100 in 0.1 M PBS)
for 2 h, and then incubated with appropriate primary antibodies
(SP 1:3,000 or CGRP 1:3,000) for 12h. After this period,
sections were incubated with a Cy3 monoclonal donkey anti-
rabbit secondary antibody (Cy3 AffiniPure donkey anti-rabbit
IgG H+L catalog # 711-165-152, Jackson ImmunoResearch
Laboratory, Inc., West Grove, PA, USA) (1:600). Slides were
then dehydrated through an alcohol gradient (70, 80, 90,
and 100% ethanol), rinsed in xylene, and cover slipped using
dibutylphthalate polystyrene xylene mounting medium.

Images were obtained for each marker using a scanning
confocal laser microscope (Carl Zeiss scanning confocal
laser microscope, model LSM 800, Jena, Germany) with
the Z stack function. To quantify the density of SP and
CGRP-immunoreactive axons in the different regions of feline
urinary bladder, four samples per subject were initially observed
at low magnification (10x) to allow identification of areas
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with the greatest density of nerve fibers. When the target
area was identified, an image was obtained for each section at
40x magnification and analyzed using commercially available
software (Image] software, U.S. National Institutes of Health,
Bethesda, MD, USA). Each nerve fiber was traced manually
using the freehand line tool to determine its length. In each
image, the area of interest was determined by using the built-
in area tool, and then multiplied by the thickness of the section
(30 wm) that was kept constant to obtain the volume. The
presence of the nerve fibers in the calculated volume was
expressed as density and it was reported as the total length of the
nerve fibers by volume of urinary bladder analyzed (mm/mm?).
Finally, the average of the four sections analyzed per subject (for
each given marker) was obtained. All quantifications were done
masked to the treatment condition.

To quantify the expression of SP and CGRP at Sl
and S2 DRG, the number of SP and CGRP positive cell
bodies in this tissue was manually counted in serial 15pm
sections from a minimum of four sections per animal using
a fluorescence microscope. The quantification was performed
by an experienced technician and only cells with a circular
shape, having a diameter between 15 and 60 pm, and with a
positive 4/,6-diamidino-2-phenylindole nucleus were included
in the analysis. Non-neuronal cells, such as endothelial cells in
the blood vessels, macrophages, and satellite glial cells, which
have a different morphology and size as compared to cell bodies
of the DRG neurons, were excluded. The number of SP or CGRP
positive cell bodies was expressed as a percentage of the total
number of DRG cell bodies.

Data analysis

Individual data are presented for each animal (GraphPad
Prism version 8.0; GraphPad Software, Inc., CA, USA). Due to
the small number of animals in each group, statistical analysis
was not performed.

Results

General anesthesia was successfully induced in all subjects
without complications. The first subject undergoing the
procedure received 1pg/mL (1,591nM) of RTX and was
maintained on a light plane of anesthesia to avoid hypotension.
After RTX instillation, the heart rate increased from 110
beats/min to 230 beats/min and blood pressure initially
decreased to a mean between 4 and 5.3 kPa (30-40 mmHg)
for 15 min and then became non-detectable. This cardiovascular
response persisted for ~45min before returning to normal
values and back to baseline values ~65 min after administration.
The subject recovered from anesthesia without obvious
complications. All subsequent animals were maintained on a
deeper plane of anesthesia and the cardiovascular response
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TABLE 1 Histopathological analysis of the basal membrane and epithelium of the bladder of cats 14 days after treatment with 0 (control), 0.2, 1, and
2 pg/mL of RTX instilled into the urinary bladder.

Subject Tissue Integrity of Integrity of epithelial tissue Dysplasia
(treatment) basal
membrane
3 (control) Body No alterations Intact -
Fundus No alterations Intact -
Trigone No alterations Absence of epithelium -
2 (0.2 ug/mL) Body No alterations Loss of cohesion -
Fundus No alterations Epithelial thinning -
Trigone No alterations Intraepithelial edema -
5 (0.2 ug/mL) Body No alterations Epithelial thinning -
Fundus No alterations Absence of epithelium -
Trigone No alterations Epithelial thinning -
1(1pg/mL) Body Partial rupture Massive detachment of epithelium -
Fundus No alterations Focal detachment of epithelium -
Trigone No alterations Loss of cohesion +
7 (1 pg/mL) Body No alterations Loss of cohesion
Fundus No alterations Detachment of epithelial cells +
Trigone No alterations Epithelial thinning -
4 (2 pg/mL) Body Total loss Massive detachment of epithelium +
Fundus No alterations Poor hyperplasia of epithelium +
Trigone No alterations Moderate hyperplasia of epithelium +
6 (2 jug/mL) Body No alterations Massive detachment of epithelium -
Fundus No alterations Absence of epithelium -
Trigone No alterations Massive detachment of epithelium +

Tissue sections were stained with hematoxylin and eosin. Histological analysis was performed by a medical pathologist who was masked to the treatment groups.
—Absent; + mild.

observed in the first subject was not noted in any of the (0.09 nM) at 30 min after treatment. No RTX was detected in any
other cats. In addition, all subsequent subjects received an of the plasma samples analyzed at 4 h after RTX instillation in the
intramuscular injection of 3 mg/kg of ketamine ~20 min prior to urinary bladder.
RTX administration to prevent a possible nociceptive response. Intravesical instillation of RTX at the dose of 0.2 pg/mL
No other complications were noted for any of the other subjects (318 nM) resulted in minor change to the epithelial tissue and
during the procedure or in recovery. minor edema of blood vessels in the bladder. At the dose of
No clinical signs of urinary discomfort, such as stranguria, 1 png/mL (1,591 nM), RTX produced moderate change to the
pollakiuria, or urinary incontinence were noted during the epithelial tissue, mild fibrosis of the lamina propria, and edema
14-day follow up period. None of the subjects showed pain and proliferation of blood vessels. At the dose of 2pg/mL
upon abdominal palpation, such as avoidance, vocalization, or (3,181 nM), RTX produced severe change to the epithelial tissue,
aggressive behavior. Normal amount of urine without any traces severe edema and fibrosis of lamina propria, severe mucus
of blood was observed daily in the litter boxes. Food and water formation, edema of muscle layers, as well as severe proliferation
consumption remained normal during this time. Complete of blood vessels (Tables 1, 2).
blood count and serum biochemical analysis were within normal Immunofluorescence analysis of the specimens obtained
limits for all subjects at all timepoints. from the two pilot subjects revealed robust expression of CGRP
Plasma concentrations following intravesical application of and SP-immunoreactive axons innervating both connective
RTX were below the quantifiable limits for all subjects and at tissue and smooth muscle of feline urinary bladder. Robust
all timepoints except for one cat receiving 1 pg/mL (1,591 nM). expression of these markers was also detected in the cell bodies

In this subject, RTX plasma concentrations reached 55.5 pg/mL of the sacral DRG (Figure 1).
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TABLE 2 Histopathological analysis of the lamina propria, muscular layers, and blood vessels of the urinary bladder of cats 14 days after treatment
with 0 (control), 0.2, 1, and 2 pg/mL of RTX instilled into the urinary bladder.

Subject

(treatment)

Fibrosis of
lamina

Edema of
lamina

Mucus Edema of Edema of Proliferation
formation muscle blood of blood

3 (control)

Body

propria

propria

layers vessels vessels

Fundus

Trigone

2 (0.2 ng/mL)

Body

Fundus

Trigone

5 (0.2 ug/mL)

Body

Fundus

Trigone

|
|

+ 0+ [+t
|

1(1pg/mL)

Body

Fundus

Trigone

7 (1 pg/mL)

Body

Fundus

Trigone

4 (2 ug/mL)

Body

+++

Fundus

o+ |+

+

|
+

Trigone

|
I e I I o I I IS IS IS [
|

++

6 (2 ug/mL)

Body

+ ++ - -

Fundus

+

— + — —

Trigone

++

+ + - +

Tissue sections were stained with hematoxylin and eosin. Histological analysis was performed by a medical pathologist who was masked to the treatment groups.
-Absent; + mild; ++ moderate; 4 + + severe.

The treatment with RTX resulted in an approximate bodies expressing CGRP and SP at S1 and S2 DRG at any of the

reduction of 8% (0.2 pg/mL, 318 nM), 55% (1 wg/mL, 1,591 nM) doses tested (Figure 4).
and 32% (2pg/mL, 3,181 nM) of CGRPT axons innervating

the body of the urinary bladder (Figures2A-D). Likewise,

RTX treatment induced an approximate reduction of SP Discussion

24% (0.2pg/mL, 318nM), 63% (1pg/mL, 1,591nM), and
26% (2pg/mL, 3,181nM) of SPT axons innervating the
same anatomical region (Figures 2E-H). Quantitative analysis
revealed that all intravesical RTX treatments reduced the density
of both CGRP and SP axons in the body, trigone, and fundus of
the urinary bladder (Figure 3).

Application of RTX in the feline urinary bladder was well
tolerated at all doses tested in this study. The only adverse
effect noted was an increase in heart rate and non-detectable
blood pressures in one subject that was maintained on a
light plane of general anesthesia. A similar increase in heart
Inboth S1 and S2 DRG samples, CGRP immunostaining was rate, in conjunction with systemic hypertension, has been
reported in dogs receiving RTX intrathecally. This seems to be

caused by transient intense activation of the C-fibers lasting

observed in the cell bodies and their associated axons. CGRP-
positive cell bodies were small- to medium-size. Quantitative
immunofluorescence analysis for SP in DRG revealed that
this neuropeptide is expressed in fewer neurons compared to

~60min (5, 26), which is the same time frame required by
the cardiovascular variables of the subject in the present study
CGRP, and its expression is restricted to small- to medium-size to return to normal limits. However, in our study, the cat’s
primary afferent neurons. Quantitative analysis revealed that blood pressure decreased before becoming undetectable. The

intravesical RTX treatment did not affect the percent of cell hypotension could have been a result of decreased cardiac output
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CAT BLADDER

FIGURE 1

CONECTIVE TISSUE SMOOTH MUSCLE

Expression of CGRP and SP by axons innervating the cat bladder (connective tissue A, D, G; smooth muscle B, E, H) and by cell bodies of S2 DRG
(C. F, 1) of 2 healthy adult sexually intact female cats (pilot study). Images of hematoxylin and eosin-stained sections are shown to illustrate the
regions used for confocal images (A-C). Confocal images revealed an apparent more abundant presence of CGRP immunoreactive axons (D, E)
and immunoreactive cell bodies (F) as compared to SP expression (G-1). Confocal images were obtained at 40x magnification using a Carl Zeiss
scanning confocal laser microscope with Z-stack function. All panels represent tissues harvested from a healthy untreated cat (pilot subject).

due to the abrupt severe tachycardia. The instillation of 25 mL
along with the activation of the C-fibers mediated by RTX
could have led to a rapid increase in intravesical pressure. It
is possible that this sudden and sustained change in pressure
caused a vagally mediated decrease in cardiac output and the
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fall in blood pressure, similar to what has been described in a
previous study in 26% of dogs after distension of the urinary
bladder (27). Furthermore, the duration of the hypotensive
state could have been lengthened by the vasodilatory effect
of isoflurane. Thus, the concurrence of: (1) an increase in
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FIGURE 2

Intravesical RTX treatment appeared to decrease the density of both CGRP- and SP-immunoreactive axons innervating the body of the urinary
bladder of healthy adult sexually intact female cats. Representative confocal images showing CGRP (B-D) and SP (F—H) axons innervating the
bladder body after administration of saline (control A, E; n=1) 0.2 (B,F; n=2), 1 (C, G; n = 2), and 2 (D, H; n = 2) pg/mL of RTX. An apparent
reduction in the density of both markers was seen in cats treated with RTX (14 days post-treatment) when compared to the control (saline)
animal (A, E). Confocal images were obtained at 40x magnification using a Carl Zeiss scanning confocal laser microscope with Z-stack function

intravesical pressure, (2) the nociceptive response caused by
the activation of the afferent pathways innervating the urinary
bladder, and (3) the vasodilation produced by isoflurane could
explain the occurrence and magnitude of the adverse event
observed in this subject. The absence of any cardiovascular
response in all the other cats that received additional ketamine
indicates that the nociceptive activation may play a pivotal
role in the adverse effects observed in the first subject. Due
to this possible cardiovascular response observed in our study,
it is advised to monitor the cardiovascular system during
intravesical instillations of RTX while the subject is under
general anesthesia. It is also recommended to ensure that the
appropriate plane of anesthesia and analgesia is achieved before
RTX application to decrease the occurrence and magnitude
of potential cardiovascular events in response to the C-fiber
activation. Another explanation to the abrupt decrease in blood
pressure is an anaphylactic reaction to the treatment. Although
this possibility cannot be excluded, it is unlikely due to the fact
that it resolved without any specific treatment.

Data on systemic absorption of RTX after instillation in
the urinary bladder are scarce. Only one study has been
published where human patients with IC received a maximum
concentration of 100 nM in 50 mL. Blood was collected at 15,
30, 45, and 60 min after administration of RTX and plasma
concentrations were below the quantifiable limit at all time
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points (28). These findings are in agreement with our study,
even if the cats received higher doses between 0.2 and 2 pg/mL
(318-3,181 nM) in 25 mL. Plasma concentrations were above the
quantifiable limits only in one subject at 30 min after treatment.
This cat was the same that received 1 pg/mL (1,591 nM) of RTX
and experienced abrupt tachycardia; however, the plasma levels
of drug detected at 30 min were only 5.5 pg/mL (<0.01 nM)
above the quantifiable limits. Hence, a correlation between the
systemic presence of RTX and the occurrence of the previously
discussed cardiovascular changes seems unlikely.

Intravesical treatment with RTX resulted in dose-dependent
changes in the epithelial tissue, lamina propria, and blood vessels
in the urinary bladder. Similar results were found in rats exposed
to 10 and 100 nM of RTX. The histological changes that could
have been triggered by the transient activation of local C-fibers
resolved at week 4 and 8 for the low and high dose, respectively
(29). Another possible explanation is that the drug caused
local irritation due to the activation of non-neuronal TRPV1
receptors such as those found in immune cells and epithelial cells
of the urinary tract leading to the release of pro-inflammatory
substances (30, 31). Based on the findings in rats (29), it is
likely that the changes observed at the higher doses in our
study are transient and self-limiting in nature. However, further
studies with longer follow-up times would be needed to confirm
this hypothesis.
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FIGURE 3
Individual values and median of the density of nerve fibers in the urinary bladder of 7 healthy adult sexually intact female cats expressing CGRP
(A—C) and SP (D-F) in the body (A, D), trigone (B, E), and fundus (C, F) after saline (control; n = 1) or RTX treatment (14 days post-application) at
doses of 0.2 (n=2), 1 (n=2), or 2 (n = 2) pg/mL diluted with sterile saline to a total volume of 25 mL.

RTX reduced the density of CGRP and SP immunoreactive
axons in the feline urinary bladder. Despite the small number
of cats per treatment group, the results suggest that significant
ablation could be reached at dose of 1 pg/mL (1,591 nM). Similar
findings were reported by Avelino et al.,, where 0.5mL of 1,
10, 100, and 1,000 nM was instilled in the urinary bladder
of rats. Maximal desensitization of the primary afferent fibers
was reached at 100nM (32). It is possible that a ceiling
effect is reached at the aforementioned concentrations. In our
study, however, RTX did not affect the number of neuron
profiles expressing CGPR and SP in S1 and S2 DRG, where
the cell bodies are located for the majority of sensory axons
innervating the urinary bladder (22). This is indicative of
selective chemoablation of the nociceptive nerve fibers in the
bladder sparing the respective neuronal perikarya at a site
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remote from the RTX application. When SP- and CGRP-
immunoreactive DRG cell cultures were exposed to RTX, a
marked reduction to elimination of the neurites was observed in
a dose-dependent manner; however, only a moderate decrease in
cell bodies was noted (16). The authors concluded that sensory
neurites were more sensitive to RTX than the soma, which could
also explain why CGRP and SP in the DRG were not affected
in the current study. Similar results were reported in rats,
dogs, and a human subject where intrathecal injection of RTX
resulted in ablation of TRPV1(+) central axonal projections and
preservation of the neuronal somas (33).

Other findings in rats also suggest that local application of
RTX only decreases the amount of SP and CGRP with complete
pain desensitization without nerve degeneration (34). This could
lead to recurrence of clinical signs after treatment with RTX due
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FIGURE 4
Individual values and median of cell bodies expressing CGRP (A, B) and SP (C, D) in S1 (A, C) and S2 (B, D) DRG of 7 healthy adult sexually intact
female cats 14 days after instillation in the urinary bladder of saline (control; n = 1) or RTX treatment (14 days post-application) at doses of 0.2 (n
=2),1(n=2),or2(n=2) png/mL diluted with sterile saline to a total volume of 25 mL.

to neuroplasticity and prolonged or multiple applications may
therefore be superior to a single treatment as was suggested for
human patients (35).

Ablation of the TRPV1-expressing peripheral sensory nerve
fibers is particularly advantageous in blocking inflammatory
associated pain states. This mechanistic rationale supports the
use of RTX as a therapeutic intervention in painful urinary
bladder conditions, such as human and feline IC, which have
many features in common (19, 36). Several studies on the use
of RTX as a treatment for this syndrome have been published
in people. When a single dose was used, an improvement of
symptoms up to 3 months either statistically significant (37)
or not (28) was noted in 2 studies. Another report showed
decreased urinary bladder pain in 2 out of 4 patients (38). Results
are even more promising when RTX is instilled in the urinary
bladder via prolonged infusion over 10 days (39) or as a weekly
treatment for 4 weeks (40). With the first dose regimen, the
RTX group had a significantly lower pain score than the placebo,
and in the second study 54% of patients reported good-to-
excellent improvement of clinical signs. However, these results

Frontiersin Veterinary Science

10

are in contrast with a large randomized, double-blind, placebo-
controlled study conducted in 163 human patients with IC.
People enrolled in the study were treated with 50 mL of RTX at
10, 50, 100 nM or placebo. After a follow-up period of 4 weeks,
RTX failed to improve clinical signs (41).

Only one short communication investigated the effect
of RTX in two cats with IC. These animals presented with
upregulated vesicosympathetic cardiovascular and respiratory
reflexes, which normalized after instillation of 100 nM of RTX
for 30min (42). At present, several treatments have been
suggested for feline IC, including environmental enrichment,
pheromones, nutritional management, administration of
glycosaminoglycans and amitriptyline; however, the supportive
scientific evidence is limited (43). RTX has the potential to
reduce or eliminate clinical signs associated with feline IC and
the current study revealed that 1 pug/mL (1,591 nM) could be
used as starting dose for future clinical trials.

There are some limitations to the current study. We
only enrolled a small number of animals. The goal was

to determine the maximum dose tolerated that produced a
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decrease in SP and CGRP with minimal clinical adverse effects
and histopathological changes. No previous studies have been
published in cats and we did not want to sacrifice a larger
number of animals without validating the protocol.

To confirm the presence of SP and CGRP in the feline
urinary bladder and DRG and their response to RTX treatment,
we only included healthy subjects. No data on the role of CGRP
in feline IC have been published and only two reports studied
SP in cats affected by this syndrome (20, 21). Although SP
increases in inflammatory processes of the urinary bladder, it
is still unclear whether the amount of these two neuropeptides
is proportional to the severity of the disease and whether
they can be used to monitor the response to the treatment
and the resolution of clinical signs. It is possible that SP and
CGRP will respond differently to RTX in cats with a pathologic
urinary bladder.

For the immunofluorescence quantification of CGRP we
used the anti-CGRP antibody by Sigma, since it has been
validated by the company in feline tissues. The antibody in
our study used the same immunogen that was validated in cat
tissues by Gibson (25); however, we did not validate ourselves
this antibody in the feline urinary bladder and DRG tissues.

Animals were observed for 14 days after treatment. This
time was chosen to detect any potential reversible histological
effects of RTX on the urinary bladder related to the initial
activation of C-fibers. Changes were evident in the tissues
examined; however, a longer follow-up time would be required
to determine whether or not these changes are reversible.
Although a 14-day period was sufficient to observe any acute
adverse effects to the treatment, we cannot make any predictions
on possible long-term complications.

The results of the present study suggest that a dose of
1 pg/mL (1,591 nM) of RTX in 25mL of saline instilled for
20min in the urinary bladder of healthy cats decreases SP
and CGRP peripherally but not in SI1 and S2 DRG. During
the administration, a cardiovascular response can occur if the
animal is under a light plane of anesthesia and not pretreated
with an antinociceptive drug. A dose of 1 pug/mL (1,591 nM)
also induces moderate changes in the urinary bladder tissue
without causing any clinical signs. Future studies investigating
the short and long-term effects of this treatment in cats with IC

are warranted.
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