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Abstract Chronic NGF overexpression (OE) in the
urothelium, achieved through the use of a highly
urothelium-specific uroplakin II promoter, stimulates neuro-
nal sprouting in the urinary bladder, produces increased
voiding frequency and non-voiding contractions, and referred
somatic sensitivity. Additional NGF-mediated pleiotropic
changes might contribute to increased voiding frequency and
pelvic hypersensit ivity in NGF-OE mice such as
neuropeptide/receptor systems including PACAP(Adcyap1)
and PAC1 receptor (Adcyap1r1). Given the presence of
PAC1-immunoreactive fibers and the expression of PAC1 re-
ceptor expression in bladder tissues, and PACAP-facilitated
detrusor contraction, whether PACAP/receptor signaling con-
tributes to increased voiding frequency and somatic sensitivity
was evaluated in NGF-OEmice. Intravesical administration of
the PAC1 receptor antagonist, PACAP(6–38) (300 nM), sig-
nificantly (p ≤ 0.01) increased intercontraction interval (2.0-
fold) and void volume (2.5-fold) in NGF-OE mice.
Intravesical instillation of PACAP(6–38) also decreased base-
line bladder pressure in NGF-OE mice. PACAP(6–38) had no
effects on bladder function in WT mice. Intravesical adminis-
tration of PACAP(6–38) (300 nM) significantly (p ≤ 0.01)
reduced pelvic sensitivity in NGF-OE mice but was without
effect in WT mice. PACAP/receptor signaling contributes to
the increased voiding frequency and pelvic sensitivity ob-
served in NGF-OE mice.
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Introduction

There is a large literature detailing the importance of NGF in
bladder sensory function and the development of referred
hyperalgesia in response to urinary bladder inflammation
(Arms and Vizzard 2011; Guerios et al. 2006, 2008; Jaggar
et al. 1999). Bladder pain syndrome (BPS)/interstitial cystitis
(IC) is a chronic pain syndrome characterized by pain, pres-
sure or discomfort perceived to be bladder related with at least
one urinary symptom (Clemens et al. 2014; Hanno and Sant
2001; Landis et al. 2014). In women with BPS/IC,
neurotrophins are present in the urine or in the urinary bladder
(Lowe et al. 1997; Okragly et al. 1999). In animal models of
cystitis, the expression of neurotrophins is increased in central
and peripheral micturition reflex pathways including the uri-
nary bladder, spinal cord, and peripheral ganglia (Dmitrieva
and McMahon 1996; Jaggar et al. 1999; Zvara and Vizzard
2007) (Chuang et al. 2001; Clemow et al. 1998; Guerios et al.
2006, 2008; Hu et al. 2005). Increased NGF expression may
exert long-term cellular changes by activating signal transduc-
tion pathways mediated by the phosphorylation of Trk recep-
tors and subsequent activation of the neurotrophin/Trk com-
plex (Huang and Reichardt 2001; Pezet and McMahon 2006).
Long-term cellular changes may affect neurotransmitter phe-
notype, synaptic reorganization and efficacy, and target organ
function (Huang and Reichardt 2001; Pezet and McMahon
2006).

We continue to examine the role of NGF in urinary bladder
dysfunction with the recent generation of a mouse model
based on the hypothesis that chronic urothelial NGF overex-
pression induces sensory neuronal hypersensitivity and
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increases urinary bladder reflex function (Schnegelsberg et al.
2010). Chronic overexpression of NGF in the urothelium was
achieved through the use of a highly urothelium-specific
uroplakin II promoter (Liang et al. 2005; Lin et al. 1995).
Our studies (Schnegelsberg et al. 2010) revealed that
urothelium-specific overexpression of NGF in the urinary
bladder of transgenic mice (1) stimulates neuronal sprouting
in the urinary bladder; (2) produces local inflammatory chang-
es in the urinary bladder; (3) increases voiding frequency; and
(4) increases referred pelvic hypersensitivity.

An ongoing focus of our laboratory is to understand the
expression and regulation of neuropeptide/receptor systems
in micturition reflex pathways and their effects on urinary
bladder function in the context of urinary bladder inflamma-
tion with increased NGF expression in the urinary bladder.
Our previous studies (Girard et al. 2010, 2012; Merrill et al.
2013a) have examined the expression and regulation of neu-
ropeptides (e.g., pituitary adenylate cyclase-activating poly-
peptide (PACAP, Adcyap1), vasoactive intestinal polypeptide
(VIP), substance P (sub P), and galanin), and receptor (e.g.,
PAC1 (Adcyap1r1), VPAC1, and VPAC2) transcripts in the
urinary bladder and lumbosacral DRG with urinary bladder
inflammation induced by cyclophosphamide (CYP). In addi-
tion to PACAP binding to the PAC1 receptor (Arimura 1998;
Braas and May 1996), PACAP has the capacity to bind to the
primary receptors for VIP (i.e., VPAC1 and VPAC2) (Ng et al.
2012). These previous studies demonstrated that the expres-
sion and regulation of neuropeptides (e.g., PACAP, VIP, sub P,
galanin) and receptors (e.g., PAC1, VPAC1, VPAC2) were
dependent on the duration of CYP-induced cystitis and the
tissue being studied (i.e., urothelium, detrusor, DRG) (Girard
et al. 2010, 2012; Merrill et al. 2013a). Enhanced target-
derived NGF availability increases PACAP expression in
small nociceptive DRG cells (Jongsma et al. 2001). More
recently, we have examined PACAP, VIP, and associated re-
ceptors regulation in the urinary bladder of NGF-OE and lit-
termate wild-type (WT) mice (Girard et al. 2010, 2012;
Merrill et al. 2013a). Differential regulation of PACAP, VIP,
and receptors was demonstrated in NGF-OE and WT mice
and in urothelium and detrusor smooth muscle (Girard et al.
2010, 2012; Merrill et al. 2013a). Exogenous administration
of NGF to the detrusor smooth muscle or CYP-induced cys-
titis increases neuropeptide expression in spinal micturition
pathways (Zvara and Vizzard 2007), voiding frequency and
non-voiding bladder contractions (NVCs). PACAP or VIP
null mice exhibit urinary bladder dysfunction (May and
Vizzard 2010; Studeny et al. 2008). Pharmacological block-
ade of PACAP/PAC1 interactions reduced urinary frequency
in a rat model of CYP-induced cystitis (Braas et al. 2006). The
present study extends these observations by determining the
effects of pharmacological blockade of PACAP/PAC1 inter-
actions at the level of the urinary bladder on urinary bladder
dysfunction in NGF-OE mice.

Materials and Methods

Animals, NGF-OE Mice

NGF-OE Mice NGF-OE transgenic mice were generated at
Roche Palo Alto (material transfer agreement with Roche Palo
Alto and Dr. Debra Cockayne) in collaboration with Dr. Henry
Sun at New York University Medical School as previously
described (Schnegelsberg et al. 2010) (Girard et al. 2010,
2011). Animal genotype was confirmed by Southern and/or
PCR analyses; all mice have the inbred genetic C57BL/6J
background and were derived from F10 to F12 generations
maintained through a hemizygous backcross strategy with
C57BL/6J wild-type (WT) mice. Mice used in this study were
bred locally at the University of Vermont College of
Medicine. The litters were of normal size and weight and
behaviors (feeding, drinking, activity patterns) appeared nor-
mal; adult female mice were used in these studies. As previ-
ously demonstrated (Girard et al. 2011) and confirmed in this
study, urinary bladder weight was significantly (p ≤ 0.01) in-
creased in NGF-OE mice compared to littermate WT mice
(data not shown). All experimental protocols involving animal
use were approved by the University of Vermont Institutional
Animal Care and Use Committee (IACUC # 08–085). Animal
care was under the supervision of the University of Vermont’s
Office of Animal Care Management in accordance with the
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) and National Institutes of Health
guidelines. All efforts were made to minimize the potential
for animal pain, stress, or distress. Separate groups of female
littermate WT and NGF-OE mice were used in the following
experiments.

Real-Time Quantitative Reverse
Transcription-Polymerase Chain Reaction (Q-PCR)

Determination of NGF transcript expression in the urinary
bladder (urothelium, detrusor) of NGF-OE transgenic mice
(n = 6–8) and littermate WT mice (n = 6–8) was determined
using Q-PCR as previously described (Girard et al. 2011).
Total RNA was extracted using the STAT-60 total RNA/
mRNA isolation reagent (Tel-Test‘B’, Friendswood, TX,
USA) as previously described (Girard et al. 2011). One μg
of RNA per sample was used to synthesize complementary
DNA using a mix of random hexamer and oligo dT primers
withM-MLVreverse transcriptase (Promega Corp.) in a 25-μl
final reaction volume. The quantitative PCR standards for all
transcripts were prepared with the amplified cDNA products
ligated directly into pCR2.1 TOPO vector using the TOPO TA
cloning kit (Invitrogen). The nucleotide sequences of the in-
serts were verified by automated fluorescent dideoxy dye ter-
minator sequencing (Vermont Cancer Center DNA Analysis
Facility). To estimate the relative expression of the receptor
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transcripts, 10-fold serial dilutions of stock plasmids were
prepared as quantitative standards. The range of standard con-
centrations was determined empirically. Complementary
DNA templates, diluted 10-fold to minimize the inhibitory
effects of the reverse transcription reaction components, were
assayed using HotStart-IT SYBR Green qPCR Master Mix
(USB, Cleveland, OH, USA) and 300 nM of each primer in
a final 25 μl reaction volume.

Real-time quantitative PCR was performed on an Applied
Biosystems 7500 Fast real-time PCR system (Applied
Biosystems, Foster City, CA, USA) (Girard et al. 2002) using
the following standard conditions: (1) serial heating at 94 °C
for 2 min and (2) amplification over 45 cycles at 94 °C for 15 s
and 60–64 °C depending on primers set for 30 s. The ampli-
fied product from these amplification parameters was subject-
ed to SYBR Green I melting analysis by ramping the temper-
ature of the reaction samples from 60 to 95 °C. A single DNA
melting profile was observed under these dissociation assay
conditions demonstrating the amplification of a single unique
product free of primer dimers or other anomalous products.
Oligonucleotide primer sequences for NGF and L32 have
been previously reported (Klinger et al. 2008).

For data analyses, a standard curve was constructed by
amplification of serially diluted plasmids containing the target
sequence. Data were analyzed at the termination of each assay
using sequence detection software (Sequence Detection
Software, version 1.3.1; Applied Biosystems, Norwalk, CT,
USA). In standard assays, default baseline settings were se-
lected. The increase in SYBR Green I fluorescence intensity
(ΔRn) was plotted as a function of cycle number and the
threshold cycle was determined by the software as the ampli-
fication cycle at which theΔRn first intersects the established
baseline. All data are expressed as the relative quantity of the
gene of interest normalized to the relative quantity of the
housekeeping gene L32.

Split Bladder Preparation and Assessment of Potential
Contamination of Bladder Layers

The urothelium + suburothelium was dissected from the
detrusor smooth muscle using fine forceps under a dissecting
microscope as previously described (Corrow et al. 2010;
Schnegelsberg et al. 2010). To confirm the specificity of our
split bladder preparations, urothelium + suburothelium and
detrusor samples were examined for the presence of α-
smooth muscle actin (1:1000; Abcam, Cambridge, MA) and
uroplakin II (1:25; American Research Products, Belmont,
MA) by Western blotting or reverse transcription PCR
(Corrow et al. 2010; Girard et al. 2011, 2013). In urothelium
+ suburothelium layers, only uroplakin II was present (data
not shown). Conversely, in detrusor samples, only α-smooth
muscle actin was present (data not shown). In these studies,

the use of the term urothelium refers to the urothelium and
suburothelial layers.

Measurement of Urinary Bladder NGF

Determination of NGF protein content in the urinary bladder
of NGF-OE transgenic mice (n = 8) and WT littermate con-
trols (n = 8) was determined using enzyme-linked immunoas-
says (ELISAs) as previously described (Gonzalez et al. 2015;
Schnegelsberg et al. 2010; Vizzard 2000a). Individual mouse
bladders were dissected, weighed, and placed in Tissue
Protein Extraction Reagent (1 g tissue/20 ml; Pierce
Biotechnology, Woburn, MA) with Complete protease inhib-
itor cocktail tablets (Roche Applied Science, Mannheim,
Germany) and stored at −80 °C. On the day of assay, individ-
ual bladders were disrupted with a Polytron homogenizer until
homogeneous and centrifuged (10,000 rpm for 10 min)
(Gonzalez et al. 2015; Schnegelsberg et al. 2010; Vizzard
2000a), and the supernatant was used for total protein estima-
tion and CGRP and Sub P quantification. Total protein was
determined by the Coomassie Plus Protein Assay Reagent Kit
(Pierce) (Gonzalez et al. 2015), and NGFwas quantified using
standard 96-well ELISA plates (Phoenix Pharmaceuticals,
Burlingame, CA) according to the manufacturer’s recommen-
dations (Gonzalez et al. 2015). Microtiter plates (R & D
Systems, Minneapolis, MN) were coated with an anti-rat
NGF antibody. Sample and standard solutions were run in
duplicate. A horseradish peroxidase-streptavidin conjugate
was used to detect the antibody complex. Tetramethyl benzi-
dine was the substrate and the enzyme activity was measured
by the change in optical density. The NGF standard provided
with this protocol generated a linear standard curve from 15 to
1000 pg/ml (R2 = 0.998, p ≤ 0.0001) for tissue samples. The
absorbance values of standards and samples were corrected by
subtraction of the background absorbance due to nonspecific
binding. No samples fell below the minimum detection limits
of the assay and no samples were diluted prior to use. Curve
fitting of standards and evaluation of NGF content of samples
was performed using a least squares fit as previously de-
scribed (Gonzalez et al. 2015; Schnegelsberg et al. 2010;
Vizzard 2000a).

Conscious, Open Outlet, Continuous Fill Cystometry

Mice were anesthetized with isoflurane (3–4%), a lower mid-
line abdominal incision was made, and polyethylene tubing
(PE-10, Clay Adams, Parsippany, New Jersey) was inserted
into the bladder dome and secured with a nylon purse-string
sutures (6-zero) (Gonzalez et al. 2013; Schnegelsberg et al.
2010). The end of the PE tubing was heat flared, but the
catheter did not extend into the bladder body or neck and it
was not associated with inflammation or altered cystometric
function (Gonzalez et al. 2013; Schnegelsberg et al. 2010).
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The distal end of the tubing was sealed, tunneled subcutane-
ously, and externalized at the back of the neck out of reach
(Gonzalez et al. 2013; Schnegelsberg et al. 2010). Abdominal
and neck incisions were closed with nylon sutures (6-zero).
Mice recovered from survival surgery for 72 h before
performing cystometry.

For cystometry in conscious mice, an unrestrained animal
was placed in a Plexiglas cage with a wire bottom. Before the
start of the recording, the bladder was emptied and the catheter
was connected via a T-tube to a pressure transducer (Grass
Model PT300, West Warwick, RI) and microinjection pump
(Harvard Apparatus 22, South Natick, MA). A Small Animal
Cystometry Lab Station (MED Associates, St. Albans, VT)
was used for urodynamic measurements (Gonzalez et al.
2013; Schnegelsberg et al. 2010). Saline solution was infused
at room temperature into the bladder at a rate of 25 μl/min to
elicit repetitive bladder contractions. At least six reproducible
micturition cycles were recorded after the initial stabilization
period of 25–30 min (Gonzalez et al. 2013; Schnegelsberg
et al. 2010). The following cystometric parameters were re-
corded in each animal: baseline pressure (pressure at the be-
ginning of the bladder filling), threshold pressure (bladder
pressure immediately prior to micturition), peak micturition
pressure, intercontraction interval (ICI; time between micturi-
tion events), infused volume (IV), void volume (VV), and
presence of non-voiding bladder contractions (NVCs)
(Gonzalez et al. 2013; Schnegelsberg et al. 2010). NVCs were
defined as rhythmic intravesical pressure increases 5 cm H20
above baseline, during the filling phase, without the release of
fluid from the urethra. Mice in these studies had residual vol-
ume of less than 5 μl. At the conclusion of the experiment, the
mouse was euthanized (5% isoflurane plus thoracotomy).

Conscious Cystometry and Effects of a PAC1 Selective
Receptor Antagonist, PACAP(6–38), on Bladder Function
in NGF-OE Mice

The effects of PACAP(6–38), a PAC1 selective receptor an-
tagonist, on urinary bladder function in littermate WT and
NGF-OE mice, were assessed using conscious, open outlet,
cystometry with continuous instillation of intravesical saline
(Gonzalez et al. 2013; Merrill et al. 2013b; Schnegelsberg
et al. 2010). Two groups of mice were evaluated: WT mice
receiving intravesical administration of vehicle (0.9% saline)
and PACAP(6–38) (n = 8) and NGF-OE mice receiving
intravesical administration of vehicle (0.9% saline) and
PACAP(6–38) (n = 8). For intravesical administration of
PACAP(6–38), mice were anesthetized with 2% isoflurane
and PACAP(6–38) (<1.0 ml) was injected through the bladder
catheter; the animals were maintained under anesthesia to pre-
vent expulsion of PACAP(6–38) via a voiding reflex. In this
procedure, PACAP(6–38) remained in the bladder for 30 min
at which time, the drug was drained, the bladder washed with

saline and animals recovered from anesthesia for 20 min be-
fore experimentation. These experiments were performed in
the same mice before and after treatment with PACAP(6–38).
The concentration (300 nM) of PACAP(6–38) (Bachem,
Torrance, CA) used in these studies was based upon previous
studies (Braas et al. 2006) and pilot studies. To summarize, the
experimental design involves administration of a one time,
intravesical infusion of PACAP(6–38) (300 nM) with
cystometric data collection occurring ∼75 min after infusion.
At the conclusion of the experiment, the animal was eutha-
nized (5% isoflurane plus thoracotomy). Experiments were
conducted at similar times of the day to avoid the possibility
that circadian variations were responsible for changes in blad-
der capacity measurements. An individual blinded to geno-
type analyzed the cystometric data; groups were decoded after
data analysis.

Exclusion Criteria

Mice were removed from the study when adverse events oc-
curred that included a significant postoperative event, lethar-
gy, pain, or distress not relieved by our IACUC-approved
regimen of pre- and/or postoperative analgesics (Gonzalez
et al. 2013; Schnegelsberg et al. 2010). In the present study,
no mice were excluded from the study. In addition, behavioral
movements such as grooming, standing, walking, and defeca-
tion rendered bladder pressure recordings during these events
unusable.

Mechanical Sensitivity Testing

Referred (secondary) hyperalgesia was measured by testing
the frequency of withdrawal responses to the application of
calibrated von Frey monofilaments to the abdomen
(Cheppudira et al. 2009; Schnegelsberg et al. 2010) region
overlying the urinary bladder with PACAP antagonist,
PACAP(6–38) (300 nM) delivered intravesically via a trans-
urethral catheter. Four separate groups (n = 10 each) of mice
were evaluated: WT mice with vehicle, NGF-OE mice with
vehicle, WT mice with PACAP(6–38), and NGF-OE mice
with PACAP(6–38). For these studies, a transurethral bladder
catheterization method was used to avoid the need for an
abdominal incision as well as due to potential confounding
effects of repeated catheterization and somatic sensitivity test-
ing. In this procedure, PACAP(6–38) (<1 ml) remained in the
bladder for 30 min at which time, the drug was drained, the
bladder washed with saline, the catheter removed and animals
recovered from anesthesia for 20 min before experimentation.
Mechanical sensitivity assessment was performed using von
Frey monofilaments (Stoelting, Wood Dale, IL) with forces of
0.1–4 g applied to the pelvic region (Cheppudira et al. 2009;
Schnegelsberg et al. 2010). All mice were first habituated in a
clear acrylic testing chamber 20 min/day for 4 days with a fan
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to generate ambient noise. On day of testing, the mice were
placed in the acrylic testing chamber on top of a metal mesh
floor (IITC Life Science Inc., Woodland Hills, CA) and habit-
uated again for 10 min before the application of von Frey
filaments in an up-down method for 1–3 s with a minimum
interstimulus interval of 2 min (Cheppudira et al. 2009;
Schnegelsberg et al. 2010). Stimulation was confined to the
lower abdominal area overlying the urinary bladder. The fol-
lowing behaviors were considered positive responses to pelvic
region stimulation: sharp retraction of the abdomen, jumping,
or immediate licking or scratching of the pelvic area
(Cheppudira et al. 2009; Schnegelsberg et al. 2010).
Separate groups ofmice were used for cystometry and somatic
sensitivity testing. All mechanical sensitivity testing was per-
formed in a blinded manner. The groups were decoded after
data analysis.

Statistical Analyses

All values are means ± SEM. Comparisons among experimen-
tal groups were made using ANOVA.When F ratios exceeded
the critical value (p ≤ 0.05), the Newman-Keul’s post hoc test
was used to compare experimental means among groups.

Results

NGF Transcript and Protein Expression Is Increased
in Urothelium of NGF-OE Mice with No Changes
in Detrusor

NGF-OE transgenic mice developed normally with no ad-
verse clinical signs or altered behaviors. Consistent with our
previous studies (Girard et al. 2011, 2012, 2013;
Schnegelsberg et al. 2010), NGF transcript and protein expres-
sion were significantly (p ≤ 0.001) increased in urothelium of
NGF-OE mice with no changes in the detrusor (data not
shown).

PAC1 Receptor Blockade with Intravesical Infusion
of PACAP(6–38) Using Conscious Cystometry in NGF-OE
and Littermate WT Mice

Conscious cystometry was performed in NGF-OE mice be-
fore intravesical infusion of PACAP(6–38) to establish base-
line voiding frequency, intercontraction interval, and void vol-
ume (Figs. 1 and 2). As previously demonstrated (Girard et al.
2012; Schnegelsberg et al. 2010), NGF-OE mice exhibit in-
creased voiding frequency and decreased void volume (VV;
3.8-fold) and intercontraction interval (ICI; 2.5-fold) com-
pared with littermate WT mice (Figs. 1 and 2). Following
intravesical infusion of the PAC1 receptor antagonist,
PACAP(6–38) (300 nM), the same NGF-OE mice exhibited

significantly (p ≤ 0.01) increased ICI (2.0-fold) and VV (2.8-
fold) (Figs. 1 and 2). There was also a significant (p ≤ 0.01)
decrease in maximum (i.e., peak) bladder pressure (BP) fol-
lowing intravesical instillation with PACAP(6–38) infusion in
NGF-OE mice (Fig. 3). Intravesical infusion of vehicle in
NGF-OE was without effect on the cystometric parameters
evaluated (Figs. 1, 2, and 3). In littermate WTmice, no effects
on cystometric parameters evaluated were observed with
intravesical installation of PACAP(6–38) (300 nM) or vehicle
(Figs. 2 and 3). Non-voiding contractions (NVCs; increases in
baseline pressure with an amplitude ≥5 cm H2O without the
expulsion of urine during the filling phase) were frequently
observed in NGF-OE mice (Fig. 4). Consistent with previous
studies, NGF-OE mice exhibited a significant (p ≤ 0.01) in-
crease in the number of NVCs observed per voiding cycle
compared to littermateWTmice (Fig. 4). Intravesical infusion
of PACAP(6–38) (300 nM) reduced the number (2.6-fold) of

Fig. 1 Representative bladder function recordings from the same NGF-
OE mouse before and after intravesical instillation of PACAP(6–38)
(300 nM). A1, A2 Prior to PACAP(6–38) instillation, NGF-OE mice
exhibit greater voiding frequency and an increased number of non-
voiding bladder contractions (NVCs) during the filling phase (arrows).
B1, B2 After PACAP(6–38) instillation, NGF-OE mice exhibit a
reduction in voiding frequency [i.e., increased intercontraction interval
(ICI) and void volume (VV)], NVCs, and baseline (i.e., filling) bladder
pressure
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NVCs observed in NGF-OE (Fig. 4). Intravesical infusion of
vehicle in NGF-OE was without effect on NVCs (Fig. 4).
Intravesical infusion of vehicle or PACAP(6–38) (300 nM)
in littermate WT mice was without effect on NVCs (Fig. 4).
All changes to urinary bladder function with intravesical in-
stillation of PACAP(6–38) persisted for the duration of the
data collection period (∼75 min).

Pelvic Somatic Sensitivity in NGF-OE Mice and Effects
of Intravesical Infusion of the PAC1 Receptor Antagonist,
PACAP(6–38)

Consistent with previous studies (Schnegelsberg et al. 2010),
pelvic somatic sensitivity was significantly (p ≤ 0.01) in-
creased in NGF-OE mice compared to littermate WT mice at
all monofilament forces evaluated (0.1 to 4 g) (Fig. 5).
Intravesical infusion of PACAP(6–38) (300 nM) significantly
(p ≤ 0.01) decreased the somatic sensitivity in the pelvic re-
gion in NGF-OEmice (Fig. 5). Intravesical infusion of vehicle
was without effect on pelvic sensitivity in NGF-OE mice
(Fig. 5). In littermate WT mice, intravesical infusion of
PACAP(6–38) (300 nM) or vehicle produced no change in
somatic sensitivity in the pelvic region (Fig. 5).

Discussion

The current studies extend our understanding of the contribu-
tions of PACAP/PAC1 receptor signaling in lower urinary
tract pathways in a mouse model with chronic urothelial over-
expression of NGF. Intravesical administration of PACAP(6–
38) (300 nM) significantly increased void volume and
intercontraction interval and decreased filling pressure in
NGF-OE mice with no effects on WT mice. Intravesical

Fig. 2 Summary histogram of void volume (VV) and intercontraction
interval (ICI) measured from bladder function testing in WT (n = 8) and
NGF-OE (n = 8) before and after intravesical instillation of PACAP(6–
38) (300 nM). NGF-OE mice exhibited significantly (#p ≤ 0.01) reduced
VV (a) and ICI (b) compared to littermate WT mice. PACAP(6–38)
significantly (*p ≤ 0.01) increased VV (a) and ICI (b) in NGF-OE
mice. PACAP(6–38) was without effect in WT mice

Fig. 3 Summary histogram of bladder pressure (BP) measured from
bladder function testing in WT (n = 8) and NGF-OE (n = 8) before and
after intravesical instillation of PACAP(6–38) (300 nM). NGF-OE and
littermate WT mice exhibit similar BP. In NGF-OE mice, intravesical
instillation of PACAP(6–38) significantly (*p ≤ 0.01) reduced baseline
(i.e., filling) bladder pressure with no effects on threshold pressure or
maximum pressure. PACAP(6–38) was without effect on bladder
pressure in WT mice

Fig. 4 Summary histogram of the number of non-voiding contractions
(NVCs) measured from bladder function testing in WT (n = 8) and NGF-
OE (n = 8) before and after intravesical instillation of PACAP(6–38)
(300 nM). NGF-OE mice exhibited a significantly (#p ≤ 0.01) greater
number of NVCs per voiding cycle compared to littermate WT mice.
PACAP(6–38) significantly (*p ≤ 0.01) reduced the number of NVCs
during the filling phase. PACAP(6–38) was without effect in WT mice
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administration of PACAP(6–38) (300 nM) significantly re-
duced pelvic sensitivity in NGF-OE mice but was without
effect in WT mice. PACAP/receptor signaling contributes to
the increased voiding frequency and pelvic sensitivity ob-
served in NGF-OE mice. These studies suggest that targeting
PACAP/PAC1 signaling in micturition pathways may be one
way to improve urinary bladder function and reduce referred
pelvic sensation in urological disorders including BPS/IC.

Our previous studies have examined the expression of
PACAP, VIP, and associated receptors in the urinary bladder
and lumbosacral DRG of NGF-OE mice (Girard et al. 2010).
We demonstrated upregulation of PAC1 receptor transcript
and PAC1-immunoreactivity (IR) in urothelium of NGF-OE
mice whereas PACAP transcript and PACAP-IR were de-
creased in urothelium (Girard et al. 2010). These data are
consistent with previous studies demonstrating that NGF in-
creases PAC1 mRNA levels in rat PC12 cells (Jamen et al.
2000, 2002) and that reduced PAC1 receptor mRNA expres-
sion is present in NGF null embryos (Andres et al. 2008). In
contrast, VIP transcript and VPAC1 receptor transcript was
not changed or decreased, respectively, in urothelium and
detrusor smooth muscle of NGF-OE mice (Girard et al.
2010). VPAC2 receptor transcript was significantly increased
in the detrusor smooth muscle in NGF-OE mice (Girard et al.
2010). No changes in VIP, PACAP, or associated receptors
transcript expression were observed in lumbosacral DRG of
WT or NGF-OE mice (Girard et al. 2010). In contrast, en-
hanced target-derived NGF availability has been shown to
increase PACAP expression in small nociceptive neurons in
DRG (Jongsma et al. 2001, 2003). Changes in PACAP, VIP,
and associated receptors transcripts and protein expression in

micturition pathways of NGF-OE mice resemble some, but
not all, changes observed after CYP-induced cystitis (Girard
et al. 2008) known to involve NGF production (Bjorling et al.
2001; Guerios et al. 2008; Klinger and Vizzard 2008; Vizzard
2000b). Given the presence of PAC1-IR nerve fibers (Braas
et al. 2006) and PAC1 receptor expression in bladder tissues
(Braas et al. 2006; Girard et al. 2010), PACAP-facilitated
detrusor contractility (Braas et al. 2006), and increased
PAC1-IR and transcript in the urothelium of NGF-OE mice
(Girard et al. 2010), we evaluated whether blockade of
PACAP/PAC1 signaling at the level of the urinary bladder
could affect bladder function and pelvic sensitivity in NGF-
OE mice.

PACAP peptides have diverse functions in the endocrine,
nervous, gastrointestinal, and cardiovascular systems
(Arimura 1998; Braas and May 1996) and differential effects
on nociception (Sandor et al. 2009) through PAC1, VPAC1,
and VPAC2G protein-coupled receptors. PACAP and VIP are
expressed in CNS neurons and in sensory DRG, autonomic
ganglia (Arimura 1998; Arimura et al. 1991; Beaudet et al.
1998; Braas et al. 1998; May et al. 1998; Moller et al. 1997a,
b; Sundler et al. 1996) and target tissues including the urinary
bladder (Fahrenkrug and Hannibal 1998a, b; Mohammed
et al. 2002). PACAP and VIP peptides regulate smoothmuscle
function, either directly or by facilitating cholinergic and nitric
oxide mechanisms, in a tissue- and species-specific manner
(Fox-Threlkeld et al. 1999; Mizumoto et al. 1992; Onaga et al.
1998; Seebeck et al. 2002; Zizzo et al. 2004). A number of
studies have implicated PACAP/receptor expression and sig-
naling in lower urinary tract function (Braas et al. 2006; Girard
et al. 2008, 2010, 2012; Herrera et al. 2006; Vizzard 2000b;
Zvara and Vizzard 2007). Our previous studies using a rat
CYP-induced cystitis paradigm (Braas et al. 2006), intrathecal
or intravesical administration of PAC1 receptor antagonist,
PACAP(6–38), reduced cystitis-induced urinary frequency
as well as the number and amplitude of NVCs. In the current
study, intravesical instillation of PACAP(6–38) similarly im-
proved urinary bladder function in NGF-OE mice. Although
the site(s) of action of PACAP(6–38) is not known,
PACAP(6–38) may affect PACAP/PAC1 signaling at the
urothelium, in peripheral nerve terminals of DRG cells located
in close proximity to the urothelium and/or detrusor smooth
muscle cells each with demonstrated PAC1 expression (Braas
et al. 2006). Given the high transepithelial resistance of the
urothelium and the potential inability of the PAC1 receptor
antagonist to reach the detrusor, a likely site of initial action
is the urothelium; however, effects on nerve terminals and
detrusor smooth muscle cells cannot be ruled out. In addition,
subsequent to PACAP(6–38) instillation, the activation of sig-
naling pathways from the urothelium to nerve terminals and/
or detrusor is also possible. Reductions in baseline (i.e., fill-
ing) pressure after intravesical instillation of PACAP(6–38)
suggest that detrusor smooth muscle cells may also be

Fig. 5 Pelvic region testing with calibrated von Frey hairs was
determined in WT and NGF-OE mice. Stimulation was confined to the
lower abdominal area overlying the urinary bladder. NGF-OE mice
(n = 10) had a significantly (*p ≤ 0.01) increased pelvic response
frequency with all von Frey hairs (0.1–4 g) tested compared with WT
mice (n = 10). In NGF-OEmice, intravesical instillation of PACAP(6–38)
significantly (*p ≤ 0.01) reduced pelvic response frequency with all von
Frey filaments tested. No changes in pelvic sensitivity were observed in
WT mice following intravesical PACAP(6–38) instillation. All somatic
testing was performed in a blinded manner
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potential sites of action. The results of future studies involving
protamine sulfate (to disrupt the urothelial barrier)
(Greenwood-Van et al. 2015; Klinger and Vizzard 2008) plus
intravesical instillation of PACAP(6–38) would be informa-
tive when compared to the data generated in this study. In
addition, labeled PACAP(6–38) could also be intravesically
instilled to evaluate tissue distribution within the urinary blad-
der under various conditions.

The improvement in urinary bladder function in NGF-OE
mice demonstrated in the present study is not unique to block-
ade of PACAP/PAC1 receptor signaling. Recent studies
(Girard et al., submitted) from our laboratory also demonstrated
that intravesical instillation of a NK-1 receptor antagonist,
netupitant (0.1 μg/ml), significantly increased void volume
and the interval between micturition events with no effects on
bladder pressure (baseline, threshold, maximum) in NGF-OE
mice. However, effects on baseline (i.e., filling) pressure
were only observed with intravesical PACAP(6–38) instilla-
tion. This difference suggests that some effects of blockade of
PACAP/PAC1 signaling in the NGF-OE mouse may be
unique to PACAP/PAC1 signaling and reflective of differential
receptor distribution at the level of the bladder neck and/or
urethra. Given the beneficial effects of either a PAC1 receptor
antagonist or a NK-1 receptor antagonist (Girard et al.,
submitted) on urinary bladder function in NGF-OEmice, future
studies involving intravesical instillation of both antagonists
would be of interest to determine the magnitude of change in
bladder function parameters compared to each antagonist alone.
In addition to improvements in urinary bladder function in
NGF-OE mice, intravesical instillation of PACAP(6–38) also
reduced pelvic sensitivity as determined with monofilament
testing. We previously demonstrated and confirmed here that
NGF-OE mice exhibit increased pelvic sensitivity but demon-
strated no differences in hindpaw sensitivity compared to litter-
mate WT mice (Schnegelsberg et al. 2010). Thus, NGF-OE
mice do not exhibit a generalized increased in somatic sensitiv-
ity but demonstrate increased sensitivity to the lower abdominal
region overlying the urinary bladder (Schnegelsberg et al.
2010). These studies demonstrate beneficial effects of
intravesical PACAP(6–38) instillation on both pelvic organ
function and somatic sensation.

Although the etiology and pathogenesis of BPS/IC are un-
known, numerous theories including infection, inflammation,
autoimmune disorder, toxic urinary agents, urothelial dys-
function, and neurogenic causes have been proposed
(Clemens et al. 2014; Hanno and Sant 2001; Landis et al.
2014). We have hypothesized that pain associated with BPS/
IC involves an alteration of visceral sensation/bladder sensory
physiology. Altered visceral sensations from the urinary blad-
der (i.e., pain at low or moderate bladder filling) that accom-
pany BPS/IC (Clemens et al. 2014; Hanno and Sant 2001;
Landis et al. 2014) may be mediated by many factors includ-
ing changes in the properties of peripheral bladder afferent

pathways such that bladder afferent neurons respond in an
exaggerated manner to normally innocuous stimuli
(allodynia). These changes may be mediated, in part, by in-
flammatory changes in the urinary bladder. NGF has been
implicated in the peripheral sensitization of nociceptors
(Guerios et al. 2006, 2008; Mendell et al. 1999). Intravenous
administration of a humanized monoclonal antibody that spe-
cifically inhibits NGF (tanezumab) in patients with BPS/IC
demonstrates proof of concept by improving the global re-
sponse assessment and reducing the urgency episode frequen-
cy (Evans et al. 2011). However, clinical trials involving sys-
temic anti-NGF therapies for diverse pain conditions have
halted enrollment due to incidence and risk of osteonecrosis
(Evans et al. 2011). The need for additional lower urinary tract
targets beyond NGF is clear. The present studies suggest that
blockade of PACAP/PAC1 receptor interactions at the level of
the urinary bladder may be an additional approach to reducing
urinary frequency and pelvic pain in BPS/IC.

These studies using NGF-OE mice may also provide impor-
tant information relevant to overactive bladder (OAB) and neu-
rogenic voiding disorders. For example, NK-1 receptor antago-
nists have been used to improve bladder dysfunction in adult
OAB and manage neurogenic disorders of micturition (Abdel-
Gawad et al. 2001; Doi et al. 1999, 2000; Frenkl et al. 2010). The
present studies suggest that blockade of PACAP/PAC1 receptor
interactions may be an additional approach to reducing urinary
frequency in OAB. We have previously demonstrated improve-
ment in urinary bladder function in adult rats following chronic
spinal cord injury (SCI) at thoracic level 8 with intrathecal ad-
ministration of the PAC1 receptor antagonist, PACAP(6–38);
however, intravesical instillation was without effect.
Differential success with intrathecal versus intravesical adminis-
tration may reflect neuroplasticity in the expression of PACAP/
receptor expression and signaling following chronic SCI.

These studies provide insight into additional NGF-
mediated pleiotropic changes that may contribute to urinary
bladder dysfunction and pelvic hypersensitivity in a novel
transgenic mouse model with chronic urothelial NGF-OE.
These studies provide new insights into (1) the contributions
of PACAP/PAC1 signaling to increased voiding frequency
and somatic sensitivity in NGF-OE mice and (2) additional
NGF-induced lower urinary tract targets with translational rel-
evance to BPS/IC.
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