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Abstract
PACAP peptides are expressed and regulated in sensory afferents of the micturition pathway.
Although these studies have implicated PACAP in bladder control, the physiological significance of
these observations has not been firmly established. To clarify these issues, the roles of PACAP and
PACAP signaling in micturition and cystitis were examined in receptor characterization and
physiological assays. PACAP receptors were identified in various tissues of the micturition pathway
including bladder detrusor smooth muscle and urothelium. Bladder smooth muscle expressed
heterogeneously PAC1null, PAC1HOP1 and VPAC2 receptors; the urothelium was more restricted
in expressing preferentially the PAC1 receptor subtype only. Immunocytochemical studies for
PAC1 receptors were consistent with these tissue distributions. Furthermore, the addition of 50 – 100
nM PACAP27 or PACAP38 to isolated bladder strips elicited transient contractions and sustained
increases in the amplitude of spontaneous phasic contractions. Treatment of the bladder strips with
tetrodotoxin (1 μM) did not alter the spontaneous phasic contractions suggesting direct PACAP
effects on bladder smooth muscle. PACAP also increased the amplitude of nerve-evoked
contractions. By contrast, VIP had no direct effects on bladder smooth muscle. In a rat
cyclophosphamide (CYP)-induced cystitis paradigm, intrathecal or intravesical administration of
PAC1 receptor antagonist, PACAP6-38, reduced cystitis-induced bladder overactivity. In sum, these
studies support roles for PACAP in micturition and suggest that inflammation-induced plasticity in
PACAP expression in peripheral and central micturition pathways contribute to bladder dysfunction
with cystitis.
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Introduction
The storage and periodic elimination of urine requires a complex neural control system that
coordinates the activities of the smooth muscle of the urinary bladder and the smooth and
striated muscle of the urethral sphincters (13,32,33). Coordination between these organs is
mediated by a complex neural control system located in the brain, spinal cord and peripheral
ganglia (12). Experiments with a chemically (cyclophosphamide, CYP)-induced bladder
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inflammation (11,34,38) rodent model have demonstrated alterations in neurochemical (52,
53,66,69), electrophysiological (29,72), organizational (65,68) and functional properties of the
micturition reflex (24,38,39) suggesting dramatic reorganization of the micturition reflex
pathways. Alterations in peripheral bladder afferent (sensory)/efferent (autonomic and motor)
and central interneuronal pathway functions may underlie detrusor overactivity that
accompany CYP-induced cystitis.

Pituitary adenylate cyclase activating polypeptide (PACAP) peptides have diverse functions
in the endocrine, nervous, gastrointestinal and cardiovascular systems (1,6) through PAC1,
VPAC1 and VPAC2 G protein-coupled receptors. High levels of PACAP and vasoactive
intestinal polypeptide (VIP) expression have been identified in many CNS neurons and in
sensory and autonomic ganglia (1,2,7,42,43,62). Both PACAP- and VIP-immunoreactivity
have been identified in urinary bladder (17,41). Widespread PACAP-immunoreactivity exists
in nerve fibers in rat lower urinary tract (LUT) (18). The majority of the PACAP nerve fibers
are derived from sensory neurons (18,80).

Although PACAP- and VIP-immunoreactive fibers have been identified in bladder wall and
suburothelial plexus, and PACAP peptides have been measured in bladder tissues using
combined HPLC/RIA methodologies (17), which of the PACAP/VIP receptor subtypes and
isoforms are expressed in bladder and other LUT tissues has not been fully assessed. As PACAP
and VIP share receptor subtypes coupled to different intracellular effectors, the identification
of specific PACAP/VIP receptors can be important in revealing the relevant peptides and their
signaling mechanisms in bladder physiology. Only PACAP peptides exhibit high affinity for
the PAC1 receptor, whereas VIP and PACAP have similar high affinities for the VPAC1 and
VPAC2 receptors (1,58,64). While VPAC receptors appear to be coupled solely to adenylyl
cyclase, PAC1 receptor isoforms display unique patterns of adenylyl cyclase and phospholipase
C activation that differ for the alternatively processed PACAP27 and PACAP38 peptides (1,
58,59,64). Isoforms are produced by alternative splicing of the PAC1 receptor transcript regions
encoding the amino-terminal extracellular domain and third cytoplasmic loop. Variants
resulting from the presence or absence of a 21-residue insert into the amino-terminal
extracellular domain (short and very short variants, respectively), affect PACAP38 and
PACAP27 potency (50). Other variants arising from the alternative splicing of two 84 bp HIP
and HOP cassettes in the region encoding the third cytoplasmic loop exhibit differential
patterns of adenylyl cyclase and phospholipase C activation by PACAP27 and PACAP38
(59). There are no apparent variants for either VPAC1 or VPAC2 receptors.

PACAP expression in sensory neurons following nerve injury is known to be changed (35,
42,75,76); however, few studies have examined PACAP expression following inflammation
(70,77). We have demonstrated an upregulation of PACAP levels in micturition pathways
following CYP-induced cystitis (69). CYP-induced cystitis is characterized by increased
frequency of voiding in rats (24,34,36,38). PACAP also facilitates spontaneous bladder
contractions in control animals (27). Thus, PACAP may contribute to detrusor overactivity in
CYP-induced cystitis; however, the function of PACAP and PAC1 receptor signaling in the
LUT is unclear.

These studies were designed to determine: (1) specific PAC1 receptor molecular forms in LUT
tissues, (2) effects of PACAP on isolated detrusor smooth muscle and (3) effects of PACAP
selective PAC1 antagonist, PACAP6-38 on bladder function in CYP-induced cystitis.
Preliminary results have been published in abstract form (8).
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Materials and Methods
Cyclophosphamide (CYP)-induced cystitis

Chemical cystitis was induced in adult female Wistar rats by cyclophosphamide treatment
(CYP; Sigma ImmunoChemicals, St. Louis, MO) as previously described. CYP is metabolized
to acrolein, an irritant eliminated in the urine (11). CYP was administered in two different
protocols (52,53): 1) 48 hr (n = 12; 150 mg/kg; i.p.) for intermediate inflammation or 2)
administered every third day for 10 days (n = 13; 75 mg/kg; i.p) to elicit chronic inflammation.
All injections of CYP were performed under 2% isoflurane anesthesia. Control animals (n=
28) were gender matched to the experimental groups and received a corresponding volume of
0.9% saline or distilled water injected under 2% isoflurane anesthesia. No differences were
observed between control groups and data were therefore pooled and presented as control.
Animals were euthanized by 4% isoflurane anesthesia plus thoracotomy at the indicated time
points and the urinary bladder was harvested and weighed. The University of Vermont IACUC
approved all experimental procedures involving animal use. Animal care was under the
supervision of the University of Vermont’s Office of Animal Care in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and
National Institutes of Health guidelines.

RNA Extraction, Reverse Transcription and Polymerase Chain Reaction (PCR)
S1 spinal cord segments, S1 dorsal root ganglia (DRG) and urinary bladders were dissected
from female rats; the urothelium and suburothelial structures were removed from the
underlying bladder smooth muscle with the aid of fine forceps and a dissecting microscope
and all tissues were snap-frozen on dry ice prior to processing. In this manuscript, use of the
word urothelium refers to the urothelium and suburothelial structures. Total RNA from the
different tissues was extracted using the STAT-60 total RNA/mRNA isolation reagent (Tel-
Test “B”, Friendswood, TX) as previously described (5,22). The quality and quantity of the
resulting RNA was assessed spectrometry at 260/280nm and 2 μg of total RNA from each
sample was used to synthesize first strand cDNA using SuperScript II reverse transcriptase
with the SuperScript II Preamplification System (Invitrogen, Carlsbad, CA) in a 20 μl final
reaction volume. Following digestion with RNase H to remove residual RNA, the cDNA was
amplified with 200 μM dNTP, 0.2 M primers and 1.25 U AmpliTaq Gold DNA Polymerase
with the following parameters; initial denaturation, 94 °C, 5 min, denaturation 94 °C for 45
sec; annealing, primer-specific annealing temperature for 30 sec; extension 72 °C for 45 sec
(30 – 35 cycles); final extension, 72 °C for 5 min. The oligonucleotide primers for VPAC1,
VPAC2 and the different PAC1 receptor variants were used as before (5). The amplified
products were resolved on 1.6% agarose gels, stained with ethidium bromide, and visualized
under UV illumination. Complementary DNA synthesis in the absence of RNA template or
reverse transcriptase, or amplification without template, primers or DNA polymerase was used
as controls.

Immunohistochemistry
Bladder cryosections (5 μm) from control (n = 5) and cystitis animals (n = 5 each for
intermediate and chronic CYP-induced cystitis) were prepared for immunocytochemistry using
an on-slide processing technique. Bladders were evaluated from rats not implanted with an
intravesical catheter (see below). Tissues from control and experimental animals were
processed simultaneously to minimize staining variability. For whole-mount preparations, the
urinary bladder was dissected and placed in Kreb’s solution (in mM): (119 NaCl, 4.7 KCl, 24.0
NaHCO3, 1.2 KH2PO4, 1.2 MgSO4.7H2O, 11.0 glucose, 2.5 CaCl2). The bladder was cut open
through the urethra in the midline and pinned flat on a sylgard-coated dish. After maximal
stretch of the tissue, the bladder was incubated for 1.5 h at room temperature in cold fixative
(2% paraformaldehyde + 0.2% picric acid) and the urothelium was removed (81). Urothelium
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and bladder musculature were processed separately using a free-floating technique. For
immunocytochemical processing, the cryosections or whole-mounts were incubated overnight
at room temperature with PAC1 antibody (1:500, Novus Biologicals, Littleton, CO) diluted in
0.1M potassium phosphate buffered saline (KPBS) containing 1% goat serum. After washing,
the preparations were incubated with a Cy3-conjugated species-specific secondary antibody
(1:500) for 2 h at room temperature, rinsed and mounted with antifade medium (Citifluor Ltd.,
London) for fluorescent microscopy. Control preparations were incubated in the absence of
primary or secondary antibody, processed and evaluated for specificity or background staining
levels. No staining was observed in any of the staining controls.

Bladder sections or whole-mounts from control and experimental animal (6 – 10 preparations
per animal) were examined under an Olympus fluorescence photomicroscope with Cy3 filter
sets (560–596 nm excitation; 610–655 nm emission). Staining observed in experimental tissue
was compared to that from matched controls. Digital images were obtained using a CCD
camera (MagnaFire SP; Optronics; Optical Analysis Corp., Nashua, NH) and LG-3 frame
grabber (Scion Corp; Frederick, MD). Exposure times, brightness and contrast were held
constant when acquiring images from experimental or control animals processed and analyzed
on the same day. Images were imported into Adobe Photoshop 7.0 (Adobe Systems
Incorporated, San Jose, CA) assemblage and labeling.

Intrathecal Catheter Placement
Rats (n = 8 each for control and CYP-treated) were anesthetized with isoflurane anesthesia (2–
3%), the occipital crest of the skull exposed and the atlanto-occiptal membrane was incised
along the midline with an 18-gauge needle. Polyethylene tubing (PE-10, Clay Adams,
Parsippany, NJ) was inserted through the slit and passed caudally to the lumbosacral spinal
cord (L6 - S1) under the membrane. The volume of fluid in the intrathecal catheter was kept
constant at 9 μl in all experiments. Correct catheter placement was confirmed by a laminectomy
at time of euthanasia. The intrathecal catheter was secured in place with a small drop of dental
cement, the catheter placed subcutaneously, externalized at the back of the neck and the incision
was closed in two layers. At the time of study, 9 μl of the PAC1 selective antagonist
PACAP6-38, dissolved in artificial cerebrospinal fluid (ACF) (28), was injected through the
intrathecal catheter followed by a 9 μl ACF flush. Control animals received ACF alone. The
concentrations of PACAP6-38 selected for intrathecal or intravesical administration and in
vitro application were selected as a result of pilot studies and published work in rat sympathetic
neurons (3).

Intravesical Catheter Placement
A lower midline abdominal incision was performed during animal anesthesia (n = 30).
Polyethylene tubing (PE-50) with the end flared by heat was inserted into the dome of the
bladder and secured in place with a 6-0 nylon purse string suture (79). The distal end of the
tubing was sealed, tunneled subcutaneously and externalized at the back of the neck.
Abdominal and neck incisions were closed with 4-0 nylon sutures. Animals received the
analgesic, buprenorphine (0.05 mg/kg, s.c.), every twelve hours for 48 h after surgery; the
animals were maintained for 72 h after survival surgery to ensure complete recovery. For
intravesical administration of the PAC1 receptor antagonist, rats were anesthetized with 2%
isoflurane, and 0.5 ml PACAP6-38 was injected through the bladder catheter; the animals were
maintained under anesthesia to prevent expulsion of PACAP6-38 through a voiding reflex. In
this procedure, the antagonist remained in the bladder for 30 min at which time, the antagonist
was drained and animals recovered from anesthesia for 20 minutes prior to experimentation.
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Cystometry in Conscious Animals
Control rats (n = 15) and CYP-treated animals (intermediate, 48 h; n = 7; chronic, n = 8) were
treated with a PAC1 receptor antagonist (PACAP6-38; Bachem, Torrance, CA) for cystometry.
The effectiveness of an intrathecal administration of PACAP6-38 (10 or 50 nM) was evaluated
in chronic CYP-treated animals; the effectiveness of intravesical PACAP6-38 (300 nM)
administration of was evaluated in rats 48 h (intermediate group) after a single injection of
CYP (150 mg/kg, i.p.). These experiments were performed in the same CYP-treated rats before
and after treatment with PACAP6-38. For cystometry in conscious rats, an unrestrained animal
was placed in a plexiglass cage with a wire-bottom. Prior to 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). For intravesical drug administration studies, a Small Animal Cystometry Lab
Station (MED Associates, Inc., St. Albans, VT) was used for urodynamic measurements. Saline
solution was infused at room temperature into the bladder at a rate of 10 ml/h to elicit repetitive
bladder contractions. Intravesical pressure was recorded continuously using a Neurodata
Acquisition System (Grass Model 15, Astro-Med, Inc, West Warwick, RI) (79). At least four
reproducible micturition cycles were recorded after the initial stabilization period of 25 – 30
minutes. The following cystometric parameters were recorded in each animal: filling pressure
(pressure at the beginning of the bladder filling), threshold pressure (bladder pressure
immediately prior to micturition), micturition pressure (the maximal bladder pressure during
micturition), micturition interval (time between micturition events), bladder capacity, void
volume, presence and amplitude of non-voiding bladder contractions (NVC). For the present
study, NVCs were defined as increases in bladder pressure of at least 7 cm H2O without release
of urine. Numbers of NVCs were summed over seven micturition cycles defined as a single
voiding event. At the conclusion of the experiment, the animal was euthanized (4% isoflurane
plus thoracotomy) and placement of intravesical and intrathecal catheter confirmed.

Isometric Tension Recording
Rats (n = 8) were euthanized by isoflurane (3–4%) and thoracotomy and the urinary bladders
dissected. The isolated bladder was stored in ice-cold 10 mM Ca2+-free HEPES-buffered saline
solution (Ca2+-free HEPES, pH 8.3) containing (in mM): 80 Na-glutamate monosodium salt,
55 NaCl, 6 KCl, 2 MgCl2, and10 glucose. The bladder was opened with a longitudinal cut, the
urothelial surface rinsed several times with fresh Ca2+-free HEPES to remove traces of urine
and the urothelium was removed. Small strips (1–1.5 mm wide and 4–5 mm long) of detrusor
were cut from the bladder wall and loops of silk thread were attached to each end. The strips
were then transferred to ice-cold physiological saline solution (PSS) containing (in mM): 119
NaCl, 4.7 KCl, 24 NaHCO3, 1.2 KH2PO4, 2.5 CaCl2, 1.2 MgSO4, 0.023 EDTA and 11 glucose.
After equilibrating for 30 min, the muscle strips were mounted in a tissue chamber of a
MyoMED Myograph System (MED Associates Inc., Georgia, Vermont) containing 6 ml of
PSS aerated with 95% O2/5% CO2, pH 7.4 and warmed to 37 °C. Initially, a load of 10 mN
was applied to each strip and after equilibration with PSS for 60 min (3 changes PSS every 20
min) and then nerve-mediated contractions were elicited by electrical stimulation by a pair of
electrodes parallel to either side of the strip. Electrical field stimulation (EFS) for 2 sec was
delivered with increasing frequency at 0.5 – 50Hz. Stimulations were delivered with a 20 V
amplitude, alternating polarity between pulses, 0.2 ms stimulation width and at 3 min periods.
These conditions evoke urinary bladder smooth muscle (UBSM) contractions that were
completely eliminated by blocking neuronal sodium channels with 1 μM tetrodotoxin (TTX)
(23). After the first round of stimulation, peptides (PACAP27, PACAP38 or VIP; 50 – 100
nM) were added directly to the bath. Timed control EFS experiments were performed to which
the peptide responses were compared. After an incubation period of 15 min, a second
frequency-response curve was generated. In some experiments, spontaneous phasic UBSM
contractions were observed after peptide application. These experiments were repeated in

Braas et al. Page 5

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2007 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



UBSM strips pretreated with TTX (1 μM). Analysis of the contractions evoked by the EFS
was performed using Mini Analysis software (Synaptosoft Inc., Decatur, GA) and graphs were
created using Prism software (GraphPad Software, Inc., San Diego, CA).

Statistics
All values represent mean ± S.E.M. Data were compared using Student’s t-test and one-way
analysis of variance, where appropriate. When F ratios exceeded the critical value (p ≤ 0.05),
the Dunnett’s post-hoc test was used to compare the control mean with each experimental
mean.

Results
Urinary bladder smooth muscle and urothelium express PACAP/VIP receptor subtypes and
isoforms

From reverse transcription-PCR analyses, both urinary bladder detrusor smooth muscle and
urothelium demonstrated similar patterns of PAC1 receptor transcript expression (Figure 1A,
Table 1). Using primers flanking sequences encoding the third cytoplasmic loop of the
PAC1 receptor to assess alternative HIP and/or HOP exon usage, the smooth muscle and
urothelial layers expressed both the PAC1null (neither HIP nor HOP) and the one-cassette (HIP
or HOP) insert variants. The null receptor isoform appeared to be more abundant. Since the
HIP versus HOP receptor variants could not be distinguished solely from amplified product
size, direct sequencing of the isolated 387 bp cDNA fragments revealed that the one-cassette
insert represented uniquely the HOP1 receptor in both detrusor and urothelium. Comparable
PCR analyses of the same cDNA templates demonstrated that both bladder tissues expressed
predominantly the PAC1(short) receptor transcript variant containing exons 4/5, encoding the
21 amino acid insert in the amino terminus of the receptor; the expression of the PAC1(very
short) variant was minor in detrusor (Figure 1, Table 1). Similar to smooth muscle from other
organs, the detrusor also expressed VPAC2 receptor transcripts; by contrast, VPAC2 mRNA
was not detected in urothelium (Figure 1B, Table 1). VPAC1 receptor transcripts were not
apparent in either bladder smooth muscle or urothelium (data not shown). These results
suggested that bladder urothelium may be uniquely responsive to PACAP peptides through
PAC1 receptor coupling to multiple signaling cascades. The detrusor, by contrast, has the
potential of responding to both PACAP and VIP signaling.

To assess whether other LUT tissues may respond to PACAP/VIP signaling, RNA from S1
spinal cord and dorsal root ganglia (DRG) were also processed for PCR receptor transcript
analyses. As in bladder, transcripts for PAC1 and VPAC2 receptor subtypes were present in
these tissues (Figure 1A, B). The results were diagnostic for preferential PAC1(short)HOP1
receptor isoform expression in DRG, similar to other peripheral neuronal systems; the S1 cord
segment expressed both PAC1(short)null and PAC1(short)HOP1 receptor transcripts. Tissue
VPAC1 receptor mRNA was not evident under these assay parameters.

Immunocytochemical localization of PAC1 receptor in bladder tissues
PAC1 receptor immunoreactivity in LUT closely paralleled the tissue distribution of receptor
transcripts. In control bladder whole-mounts (Figure 2A) and tissue sections (Figure 2B–D),
PAC1 receptor immunoreactivity was prominent throughout the suburothelial plexus (Figure
2A, C, D) and detrusor smooth muscle where the staining was frequently localized to punctate
structures (Figure 2B). Staining was moderate in urothelium but present in all urothelial layers
(Figure 2D). No nerve fiber staining was observed within the urothelium only in the
suburothelial plexus. Within suburothelial structures, PAC1 receptor immunoreactivity was
present in structures other than nerve fibers but the cell/tissue types exhibiting PAC1 receptor
immunoreactivity were not confirmed.
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PACAP peptides increase bladder smooth muscle EFS-induced contractions and tone
To evaluate the roles of PACAP and VIP in bladder contractility, rat bladder smooth muscle
strips were denuded of urothelium and placed in myograph chambers for EFS-studies. A
response curve, describing contraction amplitude as a function of increasing frequency, was
produced before a second frequency response profile was generated in the presence of peptides.
All contractions were abolished by the voltage gated sodium channel blocker tetrodotoxin
demonstrating the neuronal basis for the EFS-induced contractions. PACAP27 or PACAP38
(80 nM) potentiated (p ≤ 0.001) the amplitude of the nerve-evoked contractions at all
frequencies tested, with the largest fractional changes in contraction amplitudes occurring at
lower stimulation frequencies (Figure 3C). By contrast, no difference in EFS-induced
contraction amplitude was observed between time control and VIP-treated detrusor strips
(Figure 3C). From these measurements, the PACAP peptides increased the sensitivity of the
bladder smooth muscle to EFS. When EFS-induced contraction amplitudes under control and
peptide treatments were normalized to the maximum response during each frequency response
curve, the data fitted to the Boltzmann equation demonstrated that the frequency yielding 50%
of the maximal response (F50) decreased from 12.7 Hz in controls to 5.8 and 5.5 Hz in the
PACAP27- and PACAP38-treated samples, respectively; the F50 for VIP was 12.5 Hz and not
different from controls.

In the absence of EFS, both PACAP27 and PACAP38 peptides (80 nM) also increased detrusor
smooth muscle tone (Figure 3A, B) in 50% and 92% of the strips tested, respectively, which
contrasted sharply with the rare VIP-mediated changes in tone (8% of the muscle strips). The
PACAP-mediated increases in tone were superimposed on spontaneous muscle contractions
(Figure 3A, B) and not blocked by 1 μM tetrodotoxin suggesting a direct effect of PACAP on
detrusor smooth muscle (Figure 3D).

Intrathecal administration of PAC1 receptor antagonist reduces detrusor overactivity in CYP-
induced cystitis

Consistent with previous studies, chronic CYP-induced cystitis decreased bladder capacity
(66%) and intercontraction interval between voiding events (Figure 4A, B). Chronic CYP-
induced cystitis also induced the appearance of non-voiding bladder contractions (i.e.,
increased bladder tension not associated with urine release) not seen in control rats, and
increased threshold pressure without affecting either filling or micturition pressure (Table 1).
PACAP peptide expression has been identified in different central and peripheral neuronal
elements along the sensory pathway and has been shown to be upregulated in chemically-
induced cystitis paradigms (69). To evaluate whether increased PACAP expression and
signaling in these pathways participated in cystitis-associated urinary overactivity,
PACAP6-38, a PAC1 receptor antagonist was administered intrathecally. Compared to cystitis
animals presented with vehicle, intrathecal administration of 10 or 50 nM PACAP6-38
increased bladder capacity in CYP-treated rats 1.5-fold (p ≤ 0.001), and reduced (p ≤ 0.001)
the number and amplitude of non-voiding bladder contractions approximately 50% (Figures
4A, B and 5). The duration of effect observed with intrathecal PACAP6-38 administration
ranged from 1 to 2.5 hours with some animals not demonstrating any recovery before the
experiment was stopped. Onset of effects with intrathecal administration of PACAP6-38
occurred within minutes, typically less than 5 minutes. There were no apparent differences
between the two peptide doses tested; the concomitant addition of 50 nM PACAP27 with the
receptor antagonist blunted the PACAP6-38 amelioration response in the CYP-animals and
again diminished bladder capacity. Intrathecal PACAP6-38 did not affect filling, threshold or
micturition pressure in the CYP-treated animals (Table 2). In aggregate, these studies appeared
consistent with previous work demonstrating the facilitatory effects of PACAP27 on
micturition reflex pathways (27).
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Intravesical administration of PACAP6-38 reduces CYP-induced bladder overactivity
Given the presence of PAC1-IR fibers, the expression of PAC1/VPAC2 receptor expression in
bladder tissues, and the abilities of PACAP to facilitate detrusor contractility, whether cystitis-
induced PACAP expression and direct actions on detrusor smooth muscle contributed to
bladder overactivity was investigated. Rats treated with CYP for 48 h decreased bladder
capacity approximately 33% (Figure 6A, B), and increased threshold and micturition pressure
compared to untreated control animals (Table 2). Intravesical administration of 300 nM
PACAP6-38 significantly (p ≤ 0.01) increased bladder capacity in these same CYP-treated
animals to control levels (Figure 6A, B); PACAP6-38 had no effects on untreated control rats
(data not shown). Intravesical administration of PACAP6-38 did not affect bladder pressures
in CYP-treated animals (Table 3). Effects of intravesical PACAP6-38 on non-voiding bladder
contractions were not evaluated in these rats treated 48 h previously with CYP because the
appearance of such contractions are inconsistent and when present did not meet our established
criteria (≥ 7 cm H2O) for inclusion. The duration of effect observed with intravesical
PACAP6-38 administration was less than that observed with intrathecal administration and
ranged from 1 to 1.5 hours with most animals demonstrating recovery before the experiment
was stopped. Onset of effects with intravesical administration of PACAP6-38 was not
determined due to the waiting time associated with intravesical administration and the non-
continuous nature of the bladder function testing.

Discussion
PACAP is a sensory peptide (44,45); both PACAP immunoreactivity and mRNA has been
identified in large proportions of small, nociceptive cells in DRG particularly those in L1, L2,
L6 and S1 DRGs that innervate the LUT (14,31). Dense PACAP immunoreactive sensory
fibers have been found in spinal cord dorsal horn laminae I-II, and in the lateral collateral
pathway of Lissauer. In the bladder, PACAP peptides and fibers have been localized to nerve
fibers in the suburothelial plexus and bladder detrusor wall, in good agreement with previous
studies suggesting that PACAP peptides may not only regulate urothelium solute permeability
but also directly control bladder contractility and activity. The PACAP-IR fibers in bladder
coexpressed CGRP and demonstrated capsaicin sensitivity demonstrating that they were
sensory in origin (17,74). By contrast, bladder VIP-IR fibers exhibited distribution patterns
that were different from PACAP and were not sensitive to capsaicin suggesting that they may
have been derived from pelvic autonomic ganglia (17). There is good evidence that PACAP
and VIP peptides regulate smooth muscle function, either directly or by facilitating cholinergic
and nitric oxide mechanisms, in a tissue- and species-specific manner (20,40,48,57,78).
PACAP and VIP peptides have been shown to be relaxants in bronchi, gut, oviduct and vascular
smooth muscle human, rat and porcine tissues (19,37,56,60). By contrast, PACAP causes basal
gall bladder contraction in guinea pig ileum and gall bladder that may be dependent on
PAC1 receptor activation of protein kinase C (49). Related studies have further implicated
PACAP in bladder function. Similar to previous studies for CGRP and substance P (41), CYP-
induced cystitis altered the expression of PACAP in micturition pathways. Acute and chronic
CYP-treatment in rats increased PACAP staining in lumbosacral DRG neurons and their
projection fibers in the dorsal horn of corresponding spinal cord segments (69). Recent studies
also demonstrate upregulation of PACAP in lower urinary tract tissues after chronic spinal
cord injury (80). These observations were consistent with neurophenotypic changes in DRG
following injury and inflammation (30,76,77), and suggested that among other sensory
peptides, increased PACAP expression in the micturition pathways may participate in the
physiological pathologies associated with interstitial cystitis, (IC).

There were a number of unknowns with respect to PACAP in micturition pathways including
(1) the expression, distribution and identities of the PACAP/VIP receptor subtypes in bladder
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tissues that may underlie function, (2) the abilities for PACAP peptides to regulate bladder
contractility and (3) the demonstration that PACAP signaling is involved in CYP-induced
cystitis. Accordingly, the current studies were performed to address some of these principle
issues. Notably, we showed that PAC1 and VPAC2 receptor transcripts and immunoreactivity
were expressed in bladder urothelium and detrusor tissues. Although the signaling pathways
for PAC1/VPAC2 receptor isoform function in LUT tissues require more detailed study, the
prevalent expression of the PAC1HOP1 receptor variant transcripts in bladder may be
significant in a physiological context. As described in many cellular systems, the HOP receptor
isoform allows signaling diversity, including the potent and efficacious coupling to adenylyl
cyclase and phospholipase C. Since phospholipase C generation of diacyl glycerol for protein
kinase C signaling has been suggested to mediate smooth muscle contractions (49, 71), the
expression of the PAC1HOP1 receptor variant in bladder may represent an important signaling
mechanism controlling smooth muscle tone and contractility. While transcripts for the PAC1
null and HOP1 receptor variants were identified similarly in urothelial tissues to also implicate
receptor coupling multiple intracellular cascades, the function of PACAP signaling in
urothelium is under investigation.

To assess whether PACAP and/or VIP peptides had direct effects on bladder smooth muscle
contractility, bladder detrusor smooth muscle strips, stripped of the urothelial layer, were
placed in a myograph for isometric tension recordings. Both PACAP27 and PACAP38
increased bladder smooth muscle tone and potentiated EFS-induced contractions. The former
was superimposed on spontaneous muscle contractions and tetrodotoxin-insensitive suggesting
that the responses were direct detrusor smooth muscle effects. This suggestion is consistent
with increased PAC1 receptor expression in the detrusor smooth muscle after CYP-induced
cystitis. Surprisingly, VIP had no apparent effects on either bladder tone or EFS-stimulated
contractions despite VPAC2 receptor transcript expression in detrusor. The reasons are unclear
but may reflect low levels of VPAC2 receptor protein in bladder tissues that were not evident
from semiquantitative PCR measures of transcript expression. However, as the number of VIP-
IR fibers is scarce compared to that for PACAP, these results may be in keeping with
suggestions that PACAP and PAC1 signaling are more prominent regulators of rat bladder
physiology. These VIP results are consistent with previous studies that demonstrate that VIP
application to detrusor smooth muscle had not effect on spontaneous or carbachol-induced
bladder contractions despite facilitation of micturition when VIP was administered
intrathecally or intraarterially close to the rat bladder (26).

A number of peptides have been demonstrated in the LUT and have demonstrated roles in
regulating the micturition reflex. The facilitatory effects of PACAP observed in the present
study are consistent with the action of other neuropeptides on LUT tissues including substance
P (9), VIP (26), and cocaine and amphetamine-regulated transcript peptide (CARTp) (82) but
contrast with the inhibitory effects of calcitonin gene-related peptide (21). In the present study,
PACAP elicits a transient contraction, a sustained increase in the amplitude of spontaneous
phasic contractions, and significantly increases the amplitude of nerve-mediated contractions
in rat urinary bladder smooth muscle strips. Excitatory effects of PACAP on the micturition
reflex pathway have also been shown to be enhanced after 2–4 weeks of spinal cord injury in
the rat (73). In addition to changes in bladder function with altered expression of neuropeptides,
changes in bladder function have also been demonstrated with disruption receptor types in the
urinary bladder. Upregulation of P2X3 receptors has been demonstrated in cultured urothelial
cells from patients with IC during in vitro stretch (61). Upregulation of P2X2 receptors in
detrusor smooth muscle associated with idiopathic detrusor instability (47), IC (63) and feline
IC (4) has also been demonstrated. P2X3 receptor knockout mice exhibit bladder hyporeflexia
on cystometry with decreased voiding frequency and increased bladder capacity and voided
volume but normal bladder pressures (10). Thus, neurophenotypic changes in neuropeptide
expression or LUT receptors can contribute to altered bladder function in disease states.
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IC is a chronic inflammatory bladder disease syndrome characterized by urinary frequency,
urgency, suprapubic and pelvic pain. Although the etiology and pathogenesis of IC are
unknown, numerous theories including; infection, autoimmune disorder, toxic urinary agents,
deficiency in bladder wall lining and neurogenic causes have been proposed (15,16,54,55).
Consistent with previous studies, acute or chronic CYP-administration to rats results in bladder
inflammation, and reduced bladder capacity and intercontraction intervals. In experimental
inflammation paradigms, the expression of several sensory peptides including PACAP is
increased while VIP levels, by contrast are unchanged. In congruence, PACAP expression is
upregulated in spinal cord and DRG (69)(Figure 7) with CYP-induced cystitis and the PAC1
receptor immunoreactivity is upregulated in the urinary bladder with CYP-induced cystitis
(data not shown). As the VIP peptidergic system appeared immutable with respect to regulation
and function, two related experiments were performed to assess whether augmented PACAP
signaling contributes to the disorders in cystitis. Firstly, the PACAP receptor antagonist
PACAP6-38 was administered intrathecally at the level of the L6-S1 spinal cord to CYP-treated
animals to block receptor signaling in the lumbosacral spinal cord and DRG. Intrathecal
administration of PACAP6-38 can then act at both the spinal cord and dorsal root ganglia.
Secondly, PACAP6-38 was presented intravesically to CYP-inflamed bladders. In both
instances, PACAP6-38 ameliorated significantly many of the CYP-induced symptoms;
compared to cystitis animals, PACAP6-38 treatments increased bladder capacity and
diminished the appearance and amplitude of non-voiding bladder contractions. With respect
to non-voiding bladder contractions, intraabdominal pressure recordings were not performed
so it cannot be excluded that these pressure changes might represent straining as opposed to
contractions of the urinary bladder. In the case of intravesical PACAP6-38 administration, the
cystitis-induced reductions in bladder capacity were returned to control levels.

Because both routes (intrathecal and intravesical) of PACAP antagonist delivery were effective
in reducing bladder overactivity, both central (spinal cord) and peripheral (DRG, urinary
bladder) PACAP sources may contribute to bladder overactivity following CYP-induced
cystitis (Figure 7). With respect to the site of action of PACAP6-38 after intrathecal
administration, we suggest that the PAC1 receptor antagonist acts on superficial dorsal horn
neurons that express the PAC1 receptor to block enhanced release of PACAP from C-fiber
bladder afferents with CYP-induced cystitis (69). With respect to the site of action of
PACAP6-38 after intravesical administration, we cannot, at this time, rule out effects of the
PAC1 receptor antagonist on multiple cell or tissue types including urothelial cells,
suburothelial structures and detrusor smooth muscle. With CYP-induced cystitis, erosion of
the urothelium occurs so intravesical administration of PACAP6-38 can access the
suburothelial structures and detrusor smooth muscle more easily than in control rats.
PACAP6-38 has been widely used to block PAC1 receptor activation although recent data
cannot preclude actions at VPAC2 receptor also. While more detailed studies with the PAC1
receptor-selective maxD.4 antagonist may clarify the mechanisms, the lack of direct VIP
actions on detrusor suggests that PACAP38 may be acting predominantly on smooth muscle
PAC1 receptors in the intravesical paradigms. The improvements to the CYP-induced cystitis
symptoms after PACAP6-38 administration appeared striking and suggest that changes in
PACAP signaling along the micturition pathway can have profound effects on bladder activity.

Inflammation has been well shown to increase tissue growth factor expression. In aggregate,
these results suggest that cystitis-induced bladder inflammation elicits an increase in tissue-
derived growth factors and regulators, including nerve growth factor (NGF)(25,46,67).
Enhanced target-derived NGF availability has been shown to augment DRG PACAP
expression in small nociceptive neurons, and the increase in PACAP production in DRG
phenotypic plasticity may result in heightened PACAP signaling at PAC1 and/or VPAC2
receptors at central or peripheral tissue sites to exacerbate the functional defects in cystitis
(Figure 7). As a corollary, NGF does not increase DRG VIP expression that may be consistent
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with the target tissue neurotrophic model to selectively augment DRG PACAP expression (V.
May and K. Braas, unpublished observations). The exact sites or mechanisms of PACAP
actions in cystitis are not determined from receptor antagonist studies but may include central
spinal cord pathways, sensory afferents and bladder smooth muscle. From these studies, all of
these targets appear likely to present the complete profile of altered responses in cystitis. While
our work is consistent with previous studies demonstrating the facilitatory effects of PACAP
in micturition (27,73), our results also contrast with other data showing little or no direct effects
of PACAP on bladder muscle in the isometric contraction assays (27). The reasons for the
apparent differences are unclear and may be related to urothelium removal from the smooth
muscle strips and the stimulation parameters used in the current studies. Accordingly, while
we concur that PACAP signaling in spinal cord and/or autonomic pathways represents
important mechanisms in micturition and cystitis, our isometric tension and cystometry studies
also suggest that bladder smooth muscle is a pertinent target of that regulation. Many studies
have shown secretion of sensory peptides at the periphery. The increase in DRG sensory neuron
PACAP expression from CYP-induced bladder inflammation, may not only augment PACAP
release at central spinal cord sites in the micturition pathway but also at peripheral bladder
targets contributing to heightened reflex physiology (Figure 7).
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Figure 1.
A. Lower urinary tract (LUT) tissues express PAC1 receptor variants. Complementary DNA
templates were prepared from rat S1 spinal cord, S1 dorsal root ganglia (DRG) and bladder
detrusor and urothelium total RNA. The region spanning the alternative splice site for the HIP
and HOP exons within the third cytoplasmic loop was amplified using PACAPR1/2
oligonucleotide primers. Six third cytoplasmic loop isoform fragments containing neither, one
or both HIP and HOP cassettes can potentially be amplified with these primers. LUT tissues
express PAC1 receptor isoforms in a tissue-specific manner. S1 DRG express predominantly
the one cassette isoform; other tissues possess both the null and the one cassette variant.
Schematic shading: Dark grey, short region containing exons 4 and 5; light grey, HIP exon
cassette; black, HOP cassette. Thick line, region amplified using PACAPR1/2 primers. Lower
urinary tract (LUT) tissue expression of PAC1 receptor isoforms also result from alternative
splicing in amino-terminal extracellular domain. Complementary DNA templates from LUT
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samples described above were amplified using primers PACAPR3/4 which flank the amino-
terminal extracellular domain splice site. The amplified fragments of indicated sizes represent
isoforms with both (short) or neither (very short) exons 4 and 5. All LUT tissues express the
short variant; urinary detrusor smooth muscle also demonstrates very short PAC1 receptor
expression. Shading in schematic denotes alternatively spliced exons. Thick line, region
amplified using primers PACAR3/4. B. VPAC2 receptor expression in LUT tissues. cDNA
from LUT tissues were prepared as described for amplification using oligonucleotide primers
VPACR1/2 that span the carboxy-terminal domain of the 7 transmembrane (7-TM) receptor.
All LUT tissues except bladder urothelium express VPACR2 receptor transcripts. Dark grey,
7 transmembrane domain; black, hormone receptor domain (HRM). Thick line, region
amplified using primers VPACR1/2.
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Figure 2.
Fluorescence photographs of PAC1 receptor immunoreactivity (IR) in urinary bladder in
control (A–D) rats. PAC1-IR was present in control bladder in the urothelium (u), suburothelial
plexus (A, C, D, yellow arrows) and detrusor smooth muscle (B, sm). Individual urothelial
cells express PAC1-IR (D, blue arrows). PAC1-IR in the suburothelial plexus was also
examined in whole mount preparations (A). Calibration bar represents 100 μm in A and 80
μm in B–D.
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Figure 3.
PACAP27 (80 nM; A) and PACAP 38 (80 nM; B) increased detrusor smooth muscle tone
whereas VIP only rarely resulted in changes in tone (D). These changes in detrusor tone were
not blocked by tetrodotoxin (1 μM) suggesting a direct effect of PACAP on detrusor smooth
muscle (D). PACAP27 or PACAP 38 (80 nM) potentiated the amplitude of nerve-evoked
contractions at all frequencies tested (C) whereas no difference in electric field stimulation
induced contraction amplitude was observed between time control and VIP-treated detrusor
strips (C). *, p ≤ 0.001.
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Figure 4.
Intrathecal (i.t.) administration of PAC1 receptor antagonist, PACAP6-38 (10 nM) reduces
voiding frequency (increased bladder capacity) after chronic cyclophosphamide (CYP)-
induced cystitis (A). A. Continuous cystometrogram recording from the same rat treated
chronically with CYP and then administered PACAP6-38 (10 nM; i.t.) with recording
continuing after drug treatment. Intrathecal PACAP6-38 also reduced the number and
amplitude of nonvoiding bladder contractions (NVCs) induced after CYP treatment. B.
Summary histogram of bladder capacity in control, CYP-treated or CYP-treated with
PACAP6-38 (i.t., 10 or 50 nM). CYP treatment significantly (p ≤ 0.001) reduced bladder
capacity but this was significantly (p ≤ 0.001) increased after i.t. PACAP6-38 (10 or 50 nM)
and again reduced after i.t. administration of agonist, PACAP27 (50 nM). PACAP6-38 (i.t.,
10 or 50 nM) was without effect on bladder capacity in control rats.
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Figure 5.
A. Summary histogram of non-voiding bladder contractions (NVCs) induced by chronic
cyclophosphamide (CYP) treatment that were significantly (*, p ≤ 0.001) reduced with
intrathecal PACAP6-38 (10 nM and 50 nM). B. Summary histogram of amplitude of NVCs
induced by chronic CYP treatment that were significantly (*, p ≤ 0.001) reduced in amplitude
with intrathecal PACAP6-38 (10 nM and 50 nM) treatment.
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Figure 6.
A. Bladder pressure recordings in control rats and in those treated with cyclophosphamide
(CYP; 48 hr). CYP treatment (48 hr) significantly (p ≤ 0.01) decreased bladder capacity
(increased voiding frequency) (A). Intravesical PACAP6-38 (300 nM) significantly (p ≤ 0.01)
increased bladder capacity compared to the CYP treatment group alone (A, B). i.v., intravesical.
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Figure 7.
Potential mechanism underlying PACAP’s role in detrusor overactivity with CYP-induced
bladder inflammation. Previous studies have demonstrated increases in nerve growth factor
(NGF) in the urinary bladder with CYP-induced cystitis (25,46,67). NGF is retrogradely
transported from the urinary bladder to dorsal root ganglia (DRG). NGF can upregulate PACAP
expression in DRG and spinal cord with CYP-induced cystitis (69). The PAC1 receptor
antagonist, PACAP6-38, was effective in reducing bladder overactivity with both intrathecal
and intravesical administration. PACAP6-38 may act at the urinary bladder, DRG and spinal
cord to reduce detrusor overactivity induced by CYP. MPG, major pelvic ganglion; DH, dorsal
horn; SPN, sacral parasympathetic nucleus; INT, interneurons; PGN, preganglionic neurons;
EUS, external urethral sphincter.
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Table 1
Summary of PACAP receptor isoforms and tissue distribution in the lower urinary tract pathways. ++, high
expression; +, moderate expression; - no expression.

Receptor subtypes

PAC1 receptor

Tissue Null HIP HOP VPAC1 receptor VPAC2 receptor
Urinary bladder smooth muscle ++ − ++ − +
Urinary bladder urothelium ++ − + − −
DRG (S1) − − + − +
Spinal cord (S1) ++ − ++ − +
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