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Abstract

Effects of intrathecally administered pituitary adenylate cyclase activating polypeptide-38
(PACAP-38, 0.1-30 pg) on lower urinary tract function were examined in unanesthetized,
decerebrate rats with an intact spinal cord and after chronic spinal cord transection (SCT). PACAP-38
was also studied in rats with intact or bilaterally transected hypogastric nerves (HGNS), to determine
if sympathetic pathways to the bladder influenced responses. In SCT rats with intact HGNs under
isovolumetric conditions, 30 pug of PACAP-38 but not lower doses (0.1-10 pg) increased (mean 194
%) bladder contraction amplitude (BCA). In SCT rats with sectioned HGNSs, 10 pg and 30 pg of
PACAP-38 increased BCA by 62 % and 195 %, respectively. On the other hand, during continuous
infusion cystometrograms (CMGs) in SCT rats with intact or sectioned HGNs, PACAP-38 (10 pug
and 30 pg) markedly reduced or completely suppressed BCA (60 % and 90 %, respectively) and
reduced external urethral sphincter (EUS) EMG activity (58 % and 91 %, respectively). During
CMGs in spinal cord intact rats, with intact HGNs PACAP-38 30 g increased BCA (26 %) but after
HGN section PACAP-38 10 g and 30 pg increased BCA by 21 % and 35 %. These results suggest
that after SCT, PACAP-38 activates spinal circuitry to facilitate the parasympathetic outflow to the
urinary bladder and that the elimination of sympathetic pathways enhances this effect. The decrease
in BCA by PACAP-38 during CMGs in SCT rats is most reasonably attributed to a reduction in
urethral outlet resistance due to suppression of excitatory EUS reflexes.
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INTRODUCTION

Pituitary adenylate cyclase activating polypeptide (PACAP) is a brain-gut 38 amino acid
peptide which was isolated from ovine hypothalamic tissue extracts (Miyata et al., 1989).
Identical primary structures of PACAP were identified in sheep, rat and human. PACAP is a
member of the secretin/glucagon/vasoactive intestinal polypeptide (VIP) family and has a 68
% homology to VIP (Arimura, 1992). PACAP can act on three types of receptors including
VPAC1 and VPAC2 which respond to PACAP and VIP, and PAC1 which is a specific receptor
for PACAP (Laburthe et al., 2002).

PACAP is not only present in the central nervous system (Arimura et al., 1991) but also in the
peripheral nervous system in primary afferent neurons (Dun et al., 1996) innervating various
peripheral organs such as the pancreas (Fridolf et al., 1992), gastrointestinal tract (Sundler et
al., 1992), the eye (Wang et al., 1995) and the urogenital tract (Fahrenkrug and Hannibal,
1998; Hernandez et al., 2006a,b; Reubi, 2000).

Immunohistochemical studies identified PACAP-containing or VIP-containing nerve fibers
projecting to thoracolumbar sympathetic and lumbosacral parasympathetic nuclei (de Groat et
al., 1990; Dun et al., 1996; Zvarova et al., 2005). In the rat intrathecal (i.t.) administration of
PACAP caused an elevation of blood pressure and when tested in vitro induced a long-lasting
excitatory effect on sympathetic preganglionic neurons (Lai et al., 1997). l.t. injection of
PACAP-27 also facilitated bladder contractions in normal, conscious rats, indicating that the
peptide has an excitatory effect on parasympathetic pathways in lumbosacral spinal cord
(Ishizuka et al., 1995). Electrophysiological studies using the whole-cell patch clamp
techniques revealed that PACAP had an excitatory action on lumbosacral parasympathetic
preganglionic neurons in the neonatal rat (Miura et al, 2001). On the contrary, i.t. administration
of VIP did not change micturition pressure in rats, but did reduce the bladder volume for
inducing micturition and facilitated voiding (Igawa et al., 1993). Interestingly, in normal cats,
large doses of VIP (1-10 pg i.t.) inhibited bladder activity, whereas in chronic spinal cats,
smaller doses of VIP (0.1-1 g i.t.) facilitated bladder activity (de Groat et al, 1990). Thus,
the spinal actions of VVIP were altered by spinal cord injury. In addition, after spinal cord injury
the density and/or pattern of VVIP-containing afferent projections to the sacral parasympathetic
nucleus in cats (Thor et al., 1986) and PACAP-containing afferent projections to the
lumbosacral parasympathetic nucleus in rats were increased (Zvarova et al., 2005), suggesting
that spinal cord injury induces plasticity in VIP/PACAP afferent pathways. The i.t.
administration of a PAC1 receptor antagonist in chronic spinal cord transected rats reduced
bladder hyperactivity, suggesting that PACAP plays a role in bladder dysfunction after spinal
cord injury (Zvara et al., 2006).

The present experiments were conducted to determine whether the effects of PACAP on
bladder activity in the rat were also altered after spinal cord injury and whether sympathetic
pathways to the bladder traveling in the hypogastric nerves (HGNs) affected the responses
induced by i.t. administration of PACAP. In these studies, effects of a range of doses of
PACAP-38 (0.1-30 ug i.t.) on lower urinary tract functions were evaluated in decerebrate,
unanesthetized chronically-spinal transected as well as spinal intact rats with the HGNs intact
or transected.

A preliminary report of this study has been presented in an abstract (Yoshiyama and de Groat,
1997).
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Animal Preparation
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Forty-three female Sprague-Dawley rats (Charles River Laboratories, Boston, MA) weighing
235-340 g (mean=271 + 3 g) were used in this study. The animals were housed under a 12 h
light/dark cycle with controlled humidity and temperature. Standard pellet diet and water were
available ad libitum. All animal procedures were reviewed and approved by the University of
Pittsburgh Institutional Animal Care and Use Committee and complied with guidelines
outlined in the National Institute of Health Guide for the Care and Use of Laboratory Animals.
The animals were anesthetized with halothane (2 %) in oxygen (flow rate: 1.0 I/min) during
all surgical procedures. The trachea was cannulated with a polyethylene tube (PE-240) to
facilitate respiration. An indwelling i.t. catheter was inserted on the day of an experiment,
according to the technique of Yaksh and Rudy (1976). A midline incision on the dorsal side
of neck was made with a scalpel and the occipital crest of the skull was exposed with fine
scissors. The atlanto-occipital membrane was then incised at the midline using the tip of an
18-gauge needle as a cutting edge. After identifying the Tq3-vertebrae at the most caudal rib,
the distance between the occipital crest of the skull and the Lq-vertabrae, where the Lg-spinal
segment is located, was measured in each rat. A catheter (PE-10) was inserted through the
opening in atlanto-occipital membrane and passed caudally to the Lg-level of the spinal cord.
At the end of the experiment, a laminectomy was performed to verify the catheter tip located
at the Lg-segmental level.

Spinal cord transection was performed in 24 rats by sectioning at the Tg_g level under halothane
anesthesia. After the laminectomy, the dura and spinal cord were cut with fine scissors, and a
sterile sponge (Gelform, The Upjohn Company, Kalamazoo, MI) was placed between the cut
ends. The bladders of spinalized rats were manually expressed two or three times daily by
applying pressure over the lower abdomen to release retained urine, and perigenital stimulation
with cotton swab was performed to encourage reflex bladder emptying (Mallory et al., 1989).
The experiments on spinalized rats were performed 3 to 4 weeks post-spinalization. In
spinalized rats on the day of cystometric recording, the T11_12 spinal vertebrae were removed
and the dura mater was incised using the tip of a 30-gauge needle as a cutting edge to insert an
i.t. catheter (PE-10) caudally to the Lg-level of the spinal cord.

Precollicular decerebration was performed according to a published method (Sapru and
Krieger, 1978) that included ligating both carotid arteries followed by removal of the forebrain
using a blunt spatula. Halothane was then discontinued. Cotton and Avitene (MedChem
Products Inc., Woburn, MA) were placed in the intracranial cavity and covered with agar.
Experiments were started 2 h after the decerebration and conducted under unanesthetized
conditions (Yoshiyama et al., 1997).

A transurethral bladder catheter connected to a pressure transducer was used to record the
bladder pressure isovolumetrically with the urethral outlet ligated at the urethral orifice or to
record the pressure during a cystometrogram (CMG) when the bladder was filled with a
constant infusion of physiological saline and allowed to void around the catheter. To evoke
isovolumetric contractions the bladder was filled to a volume that evoked a large amplitude
(>20 cm H,0) contraction and then infusion was stopped. Continuous CMGs were performed
using a constant, rapid infusion (0.21 ml/min) of saline into the bladder to elicit repetitive
voidings, which allowed collection of data for a large number of voiding cycles (Maggi et al.,
1986). PE-90 and PE-50 cannulae were used for isovolumetric recording and constant infusion
CMGs, respectively. In all animals during isovolumetric recording, the ureters were tied
distally, cut and the proximal ends cannulated (PE-10) and drained externally. This procedure
prevented the bladder from filling with urine during the experiment.
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In some CMG experiments, epoxy-coated stainless steel wire (50 um, M.T Giken Co., Ltd.,
Tokyo, Japan) EMG electrodes were placed percutaneously in the external urethral sphincter
(EUS) to examine synergy between bladder and EUS. This was performed using a 30-gauge
needle with a hooked EMG electrode positioned at the tip. The needle was inserted into the
sphincter approximately 5 mm lateral to the urethra and then withdrawn leaving the EMG wires
embedded in the muscle (Kruse et al., 1990). The EMG activity was passed through a
discriminator/ratemeter, and the output was recorded on a chart recorder. The peak activity (in
pulses per second) during each micturition contraction was measured.

Data Analysis and Statistics

Drugs

RESULTS

The effects of PACAP-38 on reflex bladder contraction amplitude (BCA), duration (BCD) and
frequency (BCF) were recorded under isovolumetric conditions or with the urethra open
allowing the bladder to empty. Maximal voiding pressure (MVP), pressure threshold for
inducing voiding (PT), baseline resting intravesical pressure (BRP) and intercontraction
interval (1CI) were also measured during continuous CMGs (Figure 1). Before PACAP-38
dosing, data were collected for at least 1h until the CMG activity stabilized. Graded doses of
PACAP-38 were injected in each animal at 30-50 min intervals, depending on recovery time
from the previous dose, to examine dose-response relationships. To analyze the data, values
of the CMG parameters and EUS EMG activity after injection of each dose were averaged at
5 min intervals for up to 30 min post-injection and then compared with baseline values obtained
for a period of 7-8 min before each dosing. All values are expressed as mean + S.E.M. Repeated
measures analysis of variance (ANOVA) and paired t test were used for statistical analysis and
P<0.05 was considered significant.

Drugs used include: halothane (Ayerst Lab. Inc., Philadelphia, PA) and PACAP-38 (Peninsula
Laboratories, Inc., Belmont, CA). PACAP-38 was dissolved in 0.01 M phosphate buffered
saline to make concentrations of 0.01 mM, 0.1 mM, 1 mM, which were adjusted to pH 7.4.
The volume of fluid within the i.t. catheter was kept constant at 6 pl in all animals. Single doses
of PACAP-38 were administered in a volume of 2.2 to 6.6 pl followed by 7 pl flush with
artificial cerebrospinal fluid (CSF) (Feldberg and Fleischhauer, 1960).

Effects of PACAP-38 in spinal cord transected rats with intact hypogastric nerves, under
isovolumetric conditions

When the bladder of SCT rats was filled with saline, low amplitude bladder contractions (<15
cm H,0) appeared at low bladder volumes. These small amplitude contractions represent non-
voiding reflexes (Cheng et al., 1997). In the present experiments the bladder was filled until
the contractions exceeded 15 cm H,0 and then the infusion was stopped. The large amplitude
contractions (average amplitude 26 cm H,0) recorded under isovolumetric conditions usually
occurred at a regular frequency (Fig. 2) that persisted for several hours and were not affected
by injection of vehicle (6.6 pl). I.t. injection of PACAP-38 in doses between 0.1 pg and 10 pg
did not significantly change the amplitude (BCA) or duration (BCD) of bladder contractions.
However the frequency (BCF) of the contractions was significantly reduced by PACAP 10 ug;
and this same dose increased, although not significantly, the amplitude by 54 % and the duration
by 104% (Figure 2 and Table 1). The highest dose of PACAP (30 ug) significantly increased
the BCA (by 196 %) and decreased the BCF (by 78 %). The excitatory effects of PACAP
appeared within 5-10 min after injection and in some cases persisted for the duration of the
recording although on average the effects disappeared after 20-25 min. In 3 of the 5 rats which
received PACAP 30 pg, a depression of BCA occurred 10-30 min after the initial excitation.
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Effects of PACAP-38 in spinal cord transected rats under isovolumetric conditions after
bilateral transaction of the hypogastric nerves

As observed in rats with intact HGNSs, low doses of PACAP (0.1 ug and 1 ug) did not
significantly alter bladder activity. However, the 10 ug dose of PACAP (n=7) significantly
increased BCA (by 80 %) and BCD (by 74 %), and decreased BCF (by 34 %) (Figure 3).
PACAP 30 ug (n=4) also increased the BCA (by 277 %) and decreased BCF (by 67 %) (Table
1). The effect of the 30 pg dose on the BCA was sustained for 30-40 min in 3 of 4 rats. In the
other rat, bladder activity was completely abolished for at least 90 min after a large amplitude
(BCA, 77 cm H,0), long duration (BCD, 438 sec) bladder contraction.

Effects of PACAP-38 in spinal cord transected rats with intact hypogastric nerves, during
continuous CMGs

Continuous infusion of saline into the bladder with the urethra open elicited repeated voiding
reflexes at pressures (MVP) ranging from 40-49 cm H,0 and at a mean interval of 18 sec. The
baseline intravesical pressure during the CMG was in the range of 6-34 cm H,O. In contrast
to the increase in BCA elicited under isovolumetric conditions, the large doses (10 pg and 30
pg) of PACAP-38 significantly decreased the BCA (19-100 %), MVP (5-85 %) and BCD
(11-23 %) during CMGs (Table 2). The 30 pg dose also significantly increased BRP (16-295
%) (Table 2). In the 5 rats continuous dribbling of fluid from the bladder occurred in 3 and 4
rats after 10 pg and 30 pg, respectively.

Effects of PACAP-38 in spinal cord transected rats with bilaterally sectioned hypogastric
nerves, during continuous CMGs

PACAP-38 at doses of 10 g and 30 ug significantly decreased the BCA (24-100 %) and the
BCD (6-33 %), and increased the PT (7-147 %) and the BRP (2-359 %) (Figure 4 and Table
2). Only the 30 pg dose reduced the MVP (30-78 %). In a total of 5 rats that were tested,
overflow incontinence occurred in 1 rat at 10 pug and in 5 rats at 30 g dose. The incontinence
lasted for 8-30 min. PACAP-38 in a range of doses 0.1-30 pg did not affect the ICI prior to
or after the period of overflow continence (Table 2).

Effects of PACAP-38 in spinal cord intact rats with intact hypogastric nerves, during CMGs

During continuous infusion CMGs in spinal intact rats repeated voiding reflexes occurred on
average at longer intervals (92 sec) than in SCT rats (20 sec) and at lower intravesical pressures
(32 cm H,0 versus 45 cm H,0). Low doses (0.1-10 pg) of PACAP did no alter any CMG
parameters, whereas the highest dose (30 ug) significantly increased BCA, MVP and BCD
without changing PT or BRP (Table 3). In 2 of 4 rats the 30 ug dose produced a large increase
in baseline bladder pressure and increased the frequency of bladder contractions. This was
followed by a gradual decrease in the amplitude of contractions (Figure 5). In one of these rats
the 30 ug dose induced overflow incontinence lasting for 80 min, after the facilitation of bladder
contractions.

Effects of PACAP-38 administered during CMGs in spinal cord intact rats with hypogastric
nerves transected bilaterally

In HGN transected rats PACAP 10 pg as well as 30 pg increased the BCA, MVP and the PT
(Table 3). A late occurring (15-30 min) decrease in BCA and MVP as well as an increase in
BRP (67-813 %) occurred after the initial excitatory effect of 30 pg of PACAP in 3 of 5 rats.
These late changes were accompanied by overflow incontinence. Similar changes occurred in
one rat after the 10 pg dose. The 30 pg dose of PACAP-38 increased the BCD (19-55 %)
(Table 3).
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Effects of PACAP-38in spinal cord intact rats with intact or bilaterally sectioned hypogastric
nerves, under isovolumetric conditions

In spinal cord intact rats with HGNSs transected bilaterally the intravesical volume required to
induce large amplitude reflex bladder contractions (>15 cm H,0) was significantly smaller
(mean: 0.12 + 0.02 ml, range: 0.07-0.18 ml, n=4) than the volume in rats with intact HGNs
(mean: 0.37 £0.10, range: 0.17-0.75 ml, n=4) (P<0.05, unpaired t test), suggesting that voiding
reflexes were modulated by a tonic sympathetic inhibitory control.

Under isovolumetric conditions spinal cord intact rats with intact HGNs (n=4) exhibited reflex
bladder contractions (BCF: 0.41 + 0.07 contractions/min) that were significantly lower in
amplitude (BCA: 59.4 + 3.3 cm H,0) and shorter in duration (BCD: 49 + 5 sec) than the reflex
contractions in rats with the HGNSs transected bilaterally (BCA: 103.5 + 7.5 cm H,0O; BCD:
138 + 27 sec), suggesting that transection of the HGNSs in decerebrate unanesthetized rats
facilitates bladder activity. PACAP-38 in low doses (0.1-1 pug) did not change bladder activity
(n=4). Unfortunately full dose response studies with PACAP could not be conducted in these
animals due to variability of bladder activity and the inability to obtain consistent recordings
over a long period of time.

Effects of PACAP-38 on EUS EMG activity during CMGs in spinal cord transected and spinal
cord intact rats with intact and bilaterally sectioned hypogastric nerves

PACAP (30 ug) significantly decreased the EUS EMG activity in spinal cord intact animals
with intact HGNs (by 49-100%, P=0.025, n=4), or transected HGNs (42-100 %, P=0.0086,
n=5). The PACAP inhibitory effect on the EUS EMG activity did not occur in lower doses and
was accompanied by a delayed suppression of bladder contractions in 5 of 9 rats. In the other
4 rats (HGNSs intact, n=2 and transected, n=2), the EUS EMG activity was suppressed without
a decrease in the amplitude of bladder contractions (Figure 6).

In SCT rats PACAP 30 pg also decreased EUS EMG activity (by 64-100 %, P=0.0005, n=4)
in animals with intact (n=2) and transected (n=2) HGNSs. Lower doses (0.1-10 pg) were
inactive.

DISCUSSION

These studies demonstrated that i.t. administration of PACAP-38 modulated EUS EMG
activity and reflex bladder contractions in decerebrate unanesthetized rats with the spinal cord
intact or chronically transected (SCT) at the mid-thoracic level. In spinal cord intact rats during
continuous infusion CMGs, PACAP-38 decreased EUS activity, enhanced the amplitude of
bladder contractions and in some experiments produced a late occurring suppression of bladder
contractions. Transection of hypogastric nerves enhanced the facilitatory effects on the bladder
but did not alter the late occurring suppression. In SCT rats the effect on bladder activity
depended on the conditions of the experiment. During isovolumetric recording PACAP-38
produced an initial enhancement in the amplitude of the bladder contractions followed in 60%
of the experiments by a decrease in amplitude. Transection of the hypogastric nerves reduced
the threshold dose of PACAP-38 for eliciting facilitation and reduced the number of rats that
exhibited a late occurring suppression of bladder activity. During CMGs in SCT rats
PACAP-38 consistently reduced EUS EMG activity but also reduced the amplitude of bladder
contractions. These observations coupled with previous demonstrations of PACAP-
immunoreactivity (IR) in bladder afferent neurons and in nerves in the lumbosacral
parasympathetic nucleus and dorsal horn of the spinal cord and upregulation of PACAP-IR at
these sites after spinal cord injury (Zvarova et al., 2005) raises the possibility that PACAP may
function as a neurotransmitter in micturition reflex pathways.
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We propose several hypotheses to explain the complex effects of PACAP-38 on the lower
urinary tract. First it is clear that PACAP-38 like PACAP-27 (Ishizuka et al. 1995) and VIP in
the rat (Igawa et al., 1993) and cat (de Groat et al., 1990) has a facilitatory effect at the level
of the lumbosacral spinal cord on the parasympathetic reflex pathway controlling bladder
activity. The peptide enhanced reflex bladder contractions in spinal intact as well as in chronic
spinal cord transected animals in which the supraspinal micturition reflex pathway was
eliminated. PACAP-38 might act at several sites in the spinal cord, because patch clamp studies
in neonatal rat spinal slices revealed that PACAP-38 has direct excitatory effects on
parasympathetic preganglionic neurons (PPGN) and also can enhance excitatory synaptic input
to the PPGN (Miura et al., 2001). PACAP-38 decreased the electrical threshold for triggering
action potentials, increased the number of action potentials induced by depolarizing current
pulses and suppressed a 4-aminopyridine sensitive outward current in PPGN. PACAP-38 also
induced spontaneous firing and increased the frequency of spontaneous excitatory postsynaptic
potentials in the presence of tetrodotoxin. Because excitatory synaptic inputs to PPGN are
mediated primarily by AMPA and NMDA glutamatergic synapses (Araki and de Groat,
1996) it was proposed that PACAP-38 facilitates glutamatergic excitatory synaptic input to the
PPGN in addition to directly enhancing the excitability of the PPGN by blocking K* channels
(Miuraetal., 2001). PACAP-38 could act presynaptically to enhance the firing of interneurons,
enhance glutamate release from interneuronal terminals or act postsynaptically directly on the
PPGN to enhance glutamatergic currents as noted in cortical neurons where PACAP-38
potentiates N-methyl-o-aspartate (NMDA) induced currents (Liu and Madsen, 1997). Thus
PACAP might function as an excitatory transmitter at spinal synapses in the micturition reflex
pathway.

However in many experiments PACAP-38 also produced a late occurring suppression of
bladder activity. This was detected in both spinal cord intact and SCT rats but in SCT rats it
was less common after transection of the HGNSs. The latter observation suggests that the
PACAP-38 inhibition in SCT rats might be mediated by stimulation of inhibitory sympathetic
nerve pathways to the bladder that arise in the rostral lumbar and caudal thoracic segments of
the spinal cord (Dun et al., 1996). Our previous study revealed that sectioning the HGNs
enhanced nonvoiding contractions in SCT rats (Yoshiyama & de Groat, 2002) demonstrating
that sympathetic inhibitory pathways are important in regulating bladder activity after spinal
cord injury. The delayed onset of the PACAP-38 inhibition is consistent with the longer time
required for diffusion of the peptide from the site of injection at the caudal lumbosacral level
to the location of sympathetic nuclei in the more rostral spinal segments. The demonstration
by other investigators (Lai et al., 1997) that PACAP can stimulate sympathetic preganglionic
neurons in in vitro spinal cord slice preparations and increase blood pressure in in vivo
experiments in rats when administered i.t. at the thoracic spinal level provides support for a
possible role of sympathetic pathways in the PACAP-38 inhibition. On the other hand, late
occurring inhibition in spinal cord intact rats was still elicited after HGN transection indicating
that another mechanism must also be involved possibly mediated by activation of inhibitory
neurons in the spinal cord.

In cats i.t. administration of VIP, another member of the secretin-glucagon-VIP family of
peptides with 68 % homology to PACAP, also modulates reflex bladder activity; and the effect
of VIP changes after spinal cord injury. In cats with an intact spinal cord VIP inhibited bladder
activity; whereas after chronic spinal cord transection small doses of VIP facilitated reflex
bladder activity (de Groat et al., 1990). In the cat VIP is prominently expressed in several
populations of pelvic visceral afferent neurons (e.g., uterine cervix, colon and bladder afferents)
(de Groat, 1987; de Groat et al., 1987; Kawatani and de Groat, 1991) and is present in C-fiber
afferent projections (Kawatani et al., 1985; Morgan et al., 1999) to the region of the sacral
parasympathetic nucleus in the spinal cord. It has been speculated that in cats with an intact
spinal cord VIP may function as a spinal neurotransmitter in the reflex inhibition of bladder
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activity evoked by mechanical stimulation of the uterine cervix or distal bowel (Kawatani and
de Groat, 1991). Furthermore since VIP has primarily a neuronal excitatory effect it was
suggested that it might produce inhibition by activating interneuronal inhibitory pathways in
the spinal cord. On the other hand after chronic SCT in cats which is accompanied by an
expansion of VIP containing afferent projections in the spinal cord (Thor et al., 1986) it has
been proposed that VIP may be involved as an excitatory transmitter in the C-fiber afferent
evoked spinal micturition reflex pathway (de Groat et al., 1990). PACAP expression is
increased in micturition reflex pathways in the rat after SCT and therefore it may play a similar
role as an excitatory transmitter in micturition in chronic SCT rats (Zvara et al., 2006).

However, in SCT rats the effects of PACAP-38 were different under different experimental
conditions. When recording isovolumetric bladder contractions with the urethra ligated in SCT
rats, PACAP-38 (10 ug and 30 pg i.t.) produced large amplitude and long duration bladder
contractions. Transection of the HGNs enhanced this excitatory effect of PACAP-38. On the
other hand, during continuous infusion CMGs with the urethra open to allow voiding, PACAP
at 10-30 pg doses markedly decreased the amplitude of bladder contractions. It seems unlikely
that ligating the urethral outlet to produce isovolumetric contractions would alter the effects
of PACAP-38 in the spinal cord and reverse the effects of the peptide on bladder activity. Thus
it seems reasonable to speculate that the excitatory effect of PACAP-38 on bladder activity
during continuous infusion CMGs is masked by a simultaneous inhibitory effect on the EUS
that in turn blocks detrusor-sphincter-dyssynergia (DSD) and reduces urethral outlet resistance.
This would indirectly lower intravesical pressure during voiding. In a previous study we
demonstrated a similar effect in SCT rats following the administration of a-bungarotoxin, a
potent neuromuscular blocking agent, that selectively suppresses striated muscle activity
without altering bladder activity (Yoshiyama et al., 2000). Alpha-bungarotoxin reduced
maximal voiding pressure and increased voiding efficiency by blocking DSD in SCT rats.
Because the high dose of PACAP-38 induced overflow incontinence in a majority of SCT
animals with only a small increase in intravesical pressure, it is likely that this is due to a
combined action to facilitate the spinal reflex to the bladder and inhibit the motor outflow to
the EUS.

It is important to note that in the present studies, a transurethral catheter was used for the
cystometrogram recordings. Transurethral catheterization can be used in anesthetized or
decerebrate unanesthetized animals but is not suitable for use in conscious animals. The
transurethral catheter may be a stimulus to urethra and also be obstructive during voiding,
which could potentially affect urodynamic measurements. However, the maximal voiding
pressures in these studies were comparable to those in our previous studies using transvesical
catheterization ('Yoshiyama et al., 2000). Furthermore, voiding efficiencies in rats with a
transurethral catheter (Yoshiyama et al., 1997) and a transvesical catheter (Yoshiyama et al.,
1999) were similar. Thus, it seems likely that the influence on urodynamics of the transurethral
catheter at least during control recording was minor in the present experiments.

PACAP-38 suppressed EUS EMG activity in both spinal cord intact and SCT rats indicating
that its inhibitory effects are mediated at the level of the spinal cord and are independent of
supraspinal control. However, inhibition of EUS activity would be expected to have different
effects on voiding efficiency in SCT and spinal cord intact rats. In spinal cord intact rats the
EUS exhibits bursting activity that promotes voiding (Kruse et al 1993). Thus, blocking EUS
activity should reduce voiding efficiency. This has been noted after the administration of
neuromuscular blocking agents (Yoshiyama et al., 2000). On the other hand, block of DSD
with PACAP-38 in SCT rats would be expected to improve voiding efficiency and lower
maximal voiding pressure as noted previously after administration of a-bungarotoxin
(Yoshiyama et al., 2000). This should be evaluated in future experiments.
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It has been proposed that interneurons located in the region of the dorsal commissure provide
an inhibitory input to EUS motoneurons (Blok et al., 1998; de Groat et al., 2001; Sie et al.,
2001). PACAP-38 could suppress EUS EMG activity by activating these interneurons.
Immunohistochemical studies have revealed that low levels of PACAP-IR are present in this
region of normal rats and that the levels are increased almost seven fold in this area as well as
in the dorsal horn and sacral parasympathetic nucleus in SCT rats (Zvarova et al., 2005). A
similar increase in VIP-IR was noted in the cat sacral spinal cord after chronic SCT (Thor et
al., 1986). Thus PACAP and VIP could have a more important role in micturition after SCT.
It has been suggested that PACAP in the spinal cord might also be involved in the initiation
of bladder hyperactivity induced by other pathological conditions such as chronic cystitis
(Vizzard, 2000; Herrera et al., 2006).

The physiological role of PACAP in the control of bladder function in chronic SCT rats has
been studied by evaluating the effect of PACAP6-38, a PAC1 receptor antagonist on bladder
activity during continuous infusion CMGs in awake rats (Zvara et al., 2006). I.t. administration
of the antagonist reduced nonvoiding contractions during bladder filling and reduced maximal
voiding pressure suggesting that activation of PAC1 receptors by endogenous PACAP was
contributing to the micturition reflex and bladder hyperreflexia. However PACAP could
potentially act on multiple receptors (PAC1, VPAC1 and VPAC?2) in the spinal cord (Sakashita
et al., 2001). RT-PCR analysis in the lumbosacral spinal cord demonstrated the presence of
VPAC2 as well as PAC1 receptors, but not VPACL receptors (Braas et al., 2006). Therefore
the effect of PACAP6-38 which blocks one population of receptors may give insights into only
part of the function of PACAP; whereas administration of a receptor agonist such as PACAP-38
which could potentially activate multiple receptors might provide a more complete picture of
the putative role of PACAP in the control of micturition.
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FIG. 1.

Representative cystometrograms during continuous saline infusion (0.21 ml/min) obtained in
adecerebrate, unanesthetized rat. BCA, bladder contraction amplitude; MVP, maximal voiding
pressure; PT, pressure threshold; BRP, baseline resting pressure; BCD, bladder contraction
duration; IClI, intercontraction interval.
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The effects of PACAP-38 (1-30 pg i.t.) on the reflex bladder contractions under isovolumetric
conditions in a spinal cord transected rat with intact hypogastric nerves. Note that larger doses
(10 pg and 30 pg) of PACAP-38 increased the bladder contraction amplitude and duration and
decreased the frequency of contractions, whereas smaller dose (1 pg) had little effect on these
parameters.
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The effects of PACAP-38 (1-30 pg i.t.) on the reflex bladder contractions under isovolumetric
conditions in spinal cord transected rats with transected hypogastric nerves. Note that the 10

Hg increased the bladder contraction amplitude and duration and decreased the frequency of

contractions, whereas smaller dose (1 pg) had no effect on these parameters (A). In other rat
(B), the 30 pug produced marked increases of the bladder contraction amplitude and duration

and decreased bladder contraction frequency.
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FIG. 4.

The effects of PACAP-38 (10 pg and 30 pg i.t.) on the micturition reflexes during continuous
filling (0.21 ml/min) cystometrograms in a spinal cord transected rat with transected
hypogastric nerves. Note that the 10 pug and 30 pg markedly suppressed the bladder and EUS
EMG activity.
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FIG. 5.

The effects of PACAP-38 (10 pg and 30 pg i.t.) on the micturition reflexes during continuous
filling (0.21 ml/min) cystometrograms in a spinal cord intact rat with intact hypogastric nerves.
Note that the 30 pg increased the bladder contraction pressure followed by a suppression of
bladder activity, whereas the 10 pg had no effect.
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FIG. 6.

The effects of PACAP-38 (30 g i.t.) on the bladder and EUS EMG activity during continuous
filling (0.21 ml/min) cystometrograms in a spinal cord intact rat with intact hypogastric nerves.
Note that PACAP-38 increased the micturition pressure immediately after its injection and that
the dose reduced the EUS EMG activity without the decrease of bladder contraction amplitude.

Exp Neurol. Author manuscript; available in PMC 2009 June 1.



Page 18

Yoshiyama and de Groat

*dVOVd Jo uonasfur y'1 8yl 210484, 01, Ja)fe,, paredwiod ‘(1sal 1 paited) T0'0>d
.

¥

S0'0>d

"sandau o1nseBodAy ‘NOH ‘piod [eulds ‘DS ‘Aousnbaiy UonoeIU0D Joppe|q ‘D9 ‘UoIRIND UOHRIBAU0D J3pPR|] ‘ddg ‘apmijdwe Uonoeuod Jsppe|q ‘'vOd 810N

*wo.o +8T°0 99 F9/2 *H.mﬂ +9'/9 Jaye
8T'0FTL0 LEFEB 2S5¥6°CC 810j3q
(=u) (6r 0g) dvOVd
L0650 61 +06 L CTTOE Jaye
800 F ¥6'0 9F¢ES CEFVCC 810J3q

(£=v) (61 0T) dvOVd

NOH Pauonoas + DS pajoasuel |

L JC0F8ED 9SG F TV OOTFT6Y Jaye
0€'0+6V'T 0T+ Lt 0€EFLOT EIIED]
(5=u) (6r 0g) dvOVd
LEC0F9L0 GZ ¥ 20T 86FLLE Jaye
¥20+801T L+0S JAVAE ) 74 EIIED]

(2=u) (611 0T) dvOVd

NOH 19elU| + OS pajossuel |

(ulwysuonoeayuod) (s) (O°H wo)
40d aod vOod

SUONIPUOD JLIBWINJOAOS] Japun ‘saAlaN dLinsefodAH pauonodss
AJ[esare]ig 10 19€1U| YUIM S1ey paldasuel] pioD [eulds Jo AIANOY Jappe|g Xa[4ay U0 dDVd JO UONeASIUuIWPY [edaylenu] Jo s1oay3
T371avl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Exp Neurol. Author manuscript; available in PMC 2009 June 1.



Page 19

Yoshiyama and de Groat

"dVOVd 40 uonafur ‘¥1 ays ,21048d,, 0} . Jaye,, patedwod ‘(isa} 3 patted) 10°0>d
x

¥

§S0'0>d
*

'sanlau oLsebodAy ‘NOH (pJod feulds ‘OS
‘[eAJ81UI UONDBIU0IBIUI ‘[D] ‘UOIIRIND UONDBIU0D Jappelq ‘aDg ‘ainssaid Bunisal auljaseq ‘dyg ‘ploysalys ainssaid ‘1 4 ‘aunssaid Buipion [ewixew ‘AN ‘@pniijdwe uondeuod Jappe|q ‘vogd 810N

¥T ¥ 62 wlFI LCCFT P ETOLT JrFEsT WLTFST 1oye
GC +6€ LFVS GC¥66 6CFVTT €9F9YE 9V F6°€C 810430
(g=u) (61 0¢) dvovd
SF6T JTEY L CF8O] LLEFVOL YYFvLe oereet Jaye
9F VT S+¢S €CFE0T SCTFL0T TLF98¢ T6+8/¢ 810430

(g=u) (611 0T) dvOVd

NOH Pauonoas + DS pajoasuel |

LFTZ LT FES RSN’ 9zF9el JsFest LLVEFTE 1048
£FCE v F 19 STFCL L'TF978 LTF90F 9T T GEE 21049
(5—=u) (61 0€) dvOVd
vFOT BFEr £eF 0T LTFsT B8FEL JgLFeen 1048
G¥8T 6 ¥ 05 €TF98 8TF06 SZFOT 6'TF6¢€E 210J3(

(G—=u) (611 0T) dVOVd

NOH 19elU| + OS pajossuel |

() (s) (O%H wo) (O%*H wo) (O*H wo) (O*H wa)
101 aod ddd 1d dAIN vOod

swelBonawoIsAD uoisnyul snonuiuo) Burinp ‘seAlaN dLIsebodAH pauoioss
Al[esa1e]1g Jo 19BIU] YU Stey paloasuel] pioD [euldsS JO $axa8y UCILINIOIA U0 dOVd 4O UONERASIUILPY [eI8yIeliu| JO S198)43
¢31avl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Exp Neurol. Author manuscript; available in PMC 2009 June 1.



Page 20

Yoshiyama and de Groat

"dVOVd 40 uonoaful 11 ays 10484,, 03 . Jaye,, pateduwiod ‘(issi-) paired) T0°0>d
x

¥

§S0°0>d
*

'sanlau oLsebodAy ‘NOH (pJod feulds ‘OS
‘[eAJ81UI UONORIU0DIBIUI ‘[D] ‘UOIRIND UONOBIU0D Jappe|q ‘aDg ‘ainssaid Bunsal suljaseq ‘dyg ‘ploysaiy ainssaid ‘1 4 ‘einssaid BuIpIoA [ewiixew ‘dAIN ‘epniijdwe uonoenuod Jappe|q ‘vog 810N

v 6/ LSTF8S LLTFSLT BTFGET LLOEFOOP BTFETE Ja)e
GE ¥ 90T TIF1p STFT9 0Z%66 TEFL0E C'EFTET a1043q
(g=u) (611 0g) dvOVd
€2 F 92T 0T F€9 6CF6L JOZFETT LEEFT6E BTFG0E Jaye
€€ F£0T 0T F €5 6TF6G 2CF86 TEF6TE 6'2F€Se 21043q

(5=u) (61 0T) dvOVd

NOH pauonass + JS 10eju|

65 7 88 R4 99FZ'ST L'TF6%6 89T 0Ty LLETEEE N
8¢ ¥ L0T GFog 72799 0CFCL 0GF6TE SEF89T 210J3(
(=) (b1 0g) dvOVd
LEF S8 £ F6E veF0L 9CF2Z8 99F9vE EYF96C Jaye
28796 GFOE 8TF8S 9TF89 8979C¢ L5788 210J3(

(g=u) (11 01) dvOVd

NOH 19B1U] + OS 10eu]

(s) (s) (O%H wo) (O*H wo) (O*H wo) (O*H wo)
121 aond ddd 1d dAW vod

‘swiedBonawolisAD uoisnjul snonunuo) Buunp ‘saaleN aLisebodAH
pauonoas Ajjelare|ig Jo 1981U] YlM Sley 1981U] pJoD [euldsS JO X314ay UORLINIJIA U0 dYDVd JO UONRASIUIWPY [BIayleliu] JO S198443
€37avl

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Exp Neurol. Author manuscript; available in PMC 2009 June 1.



