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Abstract

Serotonin from the descending pain modulatory pathway is critical to nociceptive processing. Its
effects on pain modulation may either be inhibitory or facilitatory, depending on the type of pain
and which receptors are involved. Little is known about the role of serotonergic systems in bladder
nociceptive processing. These studies examined the effect of systemic administration of the
serotonin precursor, 5-hydroxytryptophan (5-HTP), on normal bladder and somatic sensation in
rats. ELISA was used to quantify peripheral and central changes in serotonin and its major
metabolite following 5-HTP administration, and the potential role of the 5-HT3 receptor on
changes in bladder sensation elicited by 5-HTP was investigated.

5-HTP produced bladder hypersensitivity and somatic analgesia. The pro-nociceptive effect of 5-
HTP was attenuated by intrathecal, but not systemic, ondansetron. Peripheral increases in
serotonin, its metabolism and rate of turnover were detectable within 30 min of 5-HTP
administration. Significant enhancement of serotonin metabolism was observed centrally. These
findings suggest that 5-HTP increases serotonin, which may then affect descending facilitatory
systems to produce bladder hypersensitivity via activation of spinal 5-HT3 receptors.
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Introduction

It is well-established that the descending serotonergic system from the rostral ventromedial
medulla (RVM) is involved in the modulation of spinal nociceptive transmission[1]. While
the earliest studies indicated an inhibitory role of this system in pain processing[2,3], later
evidence revealed that descending serotonergic influences can be pronociceptive in a
number of different models[4-6]. Little is known about the role of serotonergic systems in
urinary bladder nociceptive processing. To date, the only study investigating serotonergic
modulation of bladder pain was conducted by Randich and colleagues who demonstrated
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that inflammation-induced bladder hypersensitivity was significantly attenuated by
intrathecal administration of non-specific and specific serotonergic receptor antagonists,
including the 5-HT3 receptor[7]. The bidirectional effects of serotonin are likely a
consequence of activation of the diverse family of receptor subtypes and the type of pain.

In the present studies, systemic administration of 5-HTP was employed to delineate the role
of serotonin in somatic sensation and nociceptive processing related to the urinary bladder.
The main effect of 5-HTP is an increase in serotonin levels, both peripherally and centrally,
since it readily crosses the blood-brain barrier[8]. An antagonist to the 5-HT3 receptor was
given both systemically and intrathecally to determine the role of 5-HT3 receptor
mechanisms underlying serotonergic modulation of visceral pain.

Materials and Methods

Animals

Female Lewis rats 11-12 weeks of age were used. Female rats were chosen since urinary
bladder disorders associated with pain are prevalent in and primarily affect the female
population. Estrous cycle was not controlled for. Food and water were available on an ad
libitum basis. A 12:12-h light-dark cycle was maintained. All protocols were approved by
the Institutional Animal Care and Use Committee at the University of Alabama at
Birmingham.

Bladder Nociceptive Testing

Under isoflurane anesthesia, a 22-gauge polytetrafluoroethylene angiocatheter was placed
into the bladder via the urethra and held in place by a tight suture around the distal urethral
orifice. Electrodes (silver wire) were inserted into the external oblique musculature
immediately superior to the inguinal ligament. Anesthesia was lowered until flexion reflexes
were present in the hindlimbs, but spontaneous escape behaviors were absent (0.75-1%).
Urinary bladder distensions (UBDs; 20 sec) were produced using compressed air and a
previously described distension control device[9], and intravesical pressure was monitored
using an in-line, low volume pressure transducer. Visceromotor responses (VMRs;
contraction of abdominal and hindlimb musculature), recorded as EMG activity, were
measured via the electrodes using standard differential amplification and rectification and
saved on a computer. Body temperature was maintained at ~37°C by a heating pad.

Somatic Nociceptive Testing

The method described by Hargreaves et al.[10] was used in tests of thermal sensitivity. Rats
were confined within a clear Plexiglas cage (11 x 23 x 16 cm?3) placed on an elevated piece
of glass. Rats were accommodated to the apparatus for two days prior to experimental trials.
An infrared heat source was positioned under the glass floor so the beam struck the glabrous
skin and toe pads of the hind paw. The latency to withdraw the hind paw was measured.
Three trials (3 min inter-trial interval) were conducted on each hind paw and averaged to
obtain the mean response latency for each hind paw. These values were averaged to obtain a
single measure of thermal sensitivity.
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Specific Experiments

Experiment 1—To determine the effect of 5-HTP on visceral nociceptive processing, rats
were treated s.c. with 5-HTP (1, 10 or 100 mg/kg in distilled water) or vehicle and after 15
min, were anesthetized and instrumented for bladder nociceptive testing as described above.
Thirty min after 5-HTP, three 20 s, constant-pressure air distensions of the urinary bladder at
pressures of 60 mm Hg (3 min inter-trial intervals) were presented. This was followed by
graded distensions, of the bladder (10, 20, 30, 40, 50, 60 mm Hg; 1 min inter-trial intervals).
Two additional groups of rats received s.c. 5-HTP (10 mg/kg) or vehicle, and UBD-evoked
VMRs were measured 2 h later.

The effect of 5-HTP on thermal somatic nociception was assessed separately. Hindpaw
withdrawal responses to a thermal stimulus were obtained. Rats were treated with 5-HTP
(10 mg/kg) or vehicle, and withdrawal responses to thermal stimulation were reassessed 30
min and 2 h later. The experimenter was blind as to whether rats received 5-HTP or vehicle.
Antagonist effects were not examined.

Experiment 2—One set of rats was divided into 2 groups. 5-HTP (10 mg/kg) was
administered s.c. to all rats, followed 15 min later by systemic administration of ondansetron
(5 ma/kg in sterile saline) or saline. Responses to bladder distension, as described above,
were determined 20, 40 and 60 min after 5-HTP administration. Responses obtained at each
distending pressure were averaged across time.

The second set of rats was divided into 3 groups; two received 5-HTP and the other group
received vehicle. Rats were anesthetized, a midline incision was made, and a polyethylene
catheter (PE10 tubing; 7.5cm) was inserted through the atlanto-occipital membrane into the
subarachnoid space. 5-HTP-injected animals received ondansetron (10 pg) or saline (7 pl)
intrathecally 15 min later; vehicle-injected animals received saline intrathecally. Twenty, 40
and 60 min after 5-HTP or vehicle, UBD-evoked VMRs were determined. Responses at
each distending pressure were averaged across time.

Experiment 3—Cardiac blood and CSF were obtained under isoflurane anesthesia at 30
min or 2 h after administration of 5-HTP or vehicle. ELISA kits (LDN, Nordhorn, Germany)
were used to determine serotonin and 5-HIAA content. Absorbance optical density was read
at 450 nm using a FLUOstar Omega microplate reader. Peptide concentrations were
calculated from a standard curve using MARS data analysis software.

Statistical Analysis

All data are presented as group mean + standard error of the mean (SEM). In studies
involving graded UBD testing, EMG activity was quantified as a response (change) score
which represents a signal-to-noise ratio, as in our previous studies[11,12]. EMG responses in
Experiments 1 and 2 were analyzed using repeated measures ANOVAs, and when
significant main effects or relevant interactions were obtained, post-hoc comparisons of
means were performed using Holm's procedure[13]. Paired t-tests were used to analyze paw
withdrawal latencies in Experiment 1. Statistical analysis of the ELISA data in Experiment 3
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was performed via independent samples t-test. In all analyses, p<0.05 was considered
statistically significant.

Experiment 1

A significant increase in the vigor of the VMR induced by bladder distension was observed
within 30 min of 5-HTP administration (Figure 1). Compared to s.c. saline administration,
both 10 mg/kg and 100 mg/kg of 5-HTP significantly augmented bladder nociceptive
responses. This enhanced bladder sensitivity had dissipated 2 h post-injection.

In contrast to its pro-nociceptive effects on bladder sensation, 5-HTP (10 mg/kg) produced
anti-nociception to somatic thermal stimulation in the Hargreaves test. Significant somatic
thermal analgesia was observed within 30 min of 5-HTP administration (Figure 2). Vehicle
administration did not alter paw withdrawal latencies, and the analgesic effect of 5-HTP was
no longer evident at 2 h.

Experiment 2

The effect of a systemically administered 5-HT3 receptor antagonist, ondansetron, on 5-
HTP-induced bladder hypersensitivity was investigated (Figure 3A). An ANOVA revealed
no significant effect of group (F(1,11)=0.015; p=0.906), a significant effect of distension
pressure (F(2,22)=86.843; p>0.01) and no significant distension pressure x group interaction
(F(2,22)=1.221; p=0.314). Evoked responses to bladder distension were virtually identical in
animals that received ondansetron compared to those that received saline vehicle following
5-HTP. Thus, antagonism of peripheral 5-HT3 receptors did not attenuate bladder
hypersensitivity induced by 5-HTP.

Ondansetron was also administered intrathecally (Figure 3B) to ascertain whether spinal 5-
HT3 receptors are involved in bladder hypersensitivity induced by 5-HTP. An ANOVA
revealed a significant effect of group (F(2,16)=7.338; p<0.01), a significant effect of
distension pressure (F(2,32)=92.694; p>0.01) and a significant pressure x group interaction
(F(4,32)=5.184; p<0.01). Animals that received intrathecal saline following 5-HTP
demonstrated marked bladder hypersensitivity, as evidenced by enhanced UBD-evoked
VMRs, relative to those that received intrathecal saline after s.c. vehicle. Intrathecal
ondansetron significantly attenuated 5-HTP-induced hypersensitivity.

Experiment 3

ELISA was used to quantify changes in peripheral levels of serotonin and 5-HIAA following
administration of 5-HTP or vehicle (Figure 4A). An ANOVA of serum serotonin revealed a
significant group effect (F(2,11)=9.374; p=0.021). Compared to vehicle administration,
serum serotonin was significantly increased 30 min, but not 2 h, after 5-HTP. Significant
between group differences in 5-HIAA were also evident after 5-HTP administration
(F(2,11)= 9.374; p<0.01). Increases in peripheral serotonin metabolism were apparent within
30 min of 5-HTP administration and persisted for at least 2 h. The ratio of 5-HIAA:serotonin
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was compared to determine whether peripheral serotonin turnover was enhanced in response
to 5-HTP. Turnover was significantly increased 30 min and 2 h after 5-HTP administration.

Changes in CSF levels of serotonin and 5-HIAA were also quantified subsequent to 5-HTP
administration. Although centrally, serotonin itself was not statistically altered in response to
5-HTP, an ANOVA revealed that serotonin metabolism was significantly enhanced
(F(2,12)=3.224; p=0.038). Post-hoc contrasts indicated that compared to vehicle
administration, 5-HIAA was significantly increased 2 h after 5-HTP. While an ANOVA also
indicated between group differences in serotonin turnover (F(2,10)=2.962; p=0.049), post-
hoc contrasts did not reveal significant effects.

Discussion

The RVM is a critical component of the descending modulatory system that both inhibits
and facilitates pain at the level of the spinal cord. Early research indicated that serotonergic
projections from the RVM to the spinal cord were involved in descending inhibition of
nociception[1]. However recent studies revealed that serotonin may also be pro-nociceptive
in some pain states[14-16]. The bidirectional effects of serotonin on nociceptive processing
may depend on a number of factors including type (cutaneous, neuropathic, or visceral) and
duration (acute or chronic) of pain. Furthermore, the existence of fourteen subtypes of
serotonin receptors, each with different functions, makes it difficult to ascertain their precise
role in descending modulation of pain. To date, few studies have investigated serotonergic
modulation of visceral pain, and even less is known about its role in the urinary bladder. The
purpose of the present study was to determine the role of serotonin in nociceptive processing
related to the bladder and to examine a candidate receptor that may modulate the effect.

Here we demonstrated that systemic 5-HTP, the serotonin precursor, produces significant
bladder hypersensitivity, suggesting facilitatory effects of serotonin on visceral nociceptive
processing related to the bladder. These findings are consistent with studies showing that 5-
HTP also enhances colorectal sensitivity[17,18]. Interestingly, nociceptive responses to a
somatic thermal stimulus were actually attenuated following 5-HTP administration, such
that animals exhibited somatic analgesia. Antinociceptive effects of serotonin on thermal
sensitivity have been reported in other studies. Olfactory bulbectomized rats exhibit thermal
hyperalgesia in tail flick tests, as well as profound alterations in serotonergic
neurotransmission[19]. In this model, hyperalgesia was progressively attenuated by chronic
administration of fluoxetine, and fluoxetine also increased tail-flick latencies in sham
bulbectomized rats. Spinal cord injuery-induced thermal hyperalgesia was inhibited by a
selective serotonin reuptake inhibitor[20]. In neuropathic mice, chronic treatment with
resveratrol normalized thermal hyperalgesia, an effect that was abolished with chemical
depletion of serotonin but potentiated with co-administration of 5-HTP[21]. On the other
hand, intraplantar administration of serotonin has been reported to produce edema and
thermal hyperalgesia[22,23]. However, these effects likely occur solely via peripheral
mechanisms. Activation of 5-HT4 and 5-HT> receptors on blood vessels enhances vascular
permeability, leading to edema and release of pro-inflammatory and pro-nociceptive
substances[24,25]. The presence of multiple subtypes of serotonergic receptors on primary
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afferent nociceptors indicates that serotonin may directly produce pain by activating
receptors on Ad- and C-fibers[26].

A facilitatory role for serotonin in visceral pain processing, as demonstrated in the present
study, is supported by several studies[27,28]. With regard to the bladder Randich et al.
showed that bladder hypersensitivity following acute inflammation was significantly
attenuated by intrathecal administration of the non-specific serotonergic antagonist,
methysergide[7]. A selective serotonin receptor antagonist was utilized in the present study
to investigate a possible pharmacological mechanism underlying serotonergic facilitation of
bladder nociception. Ondansetron was administered systemically and intrathecally to
ascertain whether peripheral and/or spinal 5-HT3 receptors are responsible for the enhanced
bladder sensitivity in response to 5-HTP.

The pro-nociceptive effect of 5-HTP was not blocked by systemic ondansetron, which
selectively antagonizes peripheral 5-HT3 receptors when administered systemically. Coelho
et al.[29] also reported a similar lack of effect of another 5-HT3 receptor antagonist,
granisetron, on colorectal hypersensitivity. However, a number of studies suggest that
activation of peripheral 5HT3 receptors induces pro-nociceptive effects. Local
administration of 5HT3 receptor antagonists have been shown to be analgesic in acute and
chronic pain[30], and in a model of persistent temporomandibular joint inflammation[31]. In
humans, topical ondansetron attenuates the nociceptive and inflammatory effects of
intradermal capsaicin[32]. Most of these studies investigated effects on inflammatory pain
that is not of visceral origin, which could account for the discrepant findings.

Intrathecal ondansetron completely blocked 5-HTP-induced bladder hypersensitivity. The 5-
HT3 receptor is the only ligand-gated ion channel with excitatory functions in the serotonin
family, and ample evidence suggests that 5-HT3 receptor-dependent nociceptive facilitation
is involved in persistent pain states. Thermal and mechanical sensitivity induced by spinal
nerve ligation was blocked by intrathecal administration of the specific 5-HT3 receptor
antagonist Y25130[33]. Intrathecal ondansetron attenuated mechanical hyperalgesia and
allodynia[34] and inhibited mechanical and thermal evoked responses of spinal dorsal horn
neurons in this same model. Spinal administration of ondansetron was also analgesic in
models of spinal cord injury, cancer-induced bone pain and osteoarthritis[35-37]. Consistent
with reports of pro-nociceptive effects of peripheral 5-HT3 receptors[38,39], inflammatory
pain also appears to be mediated, in part, by spinal 5-HT3 receptors. Randich and colleagues
have shown that intrathecal ondansetron eliminated the enhancement of the VMR response
to urinary bladder distension after zymosan inflammation[7]. Similarly, blocking spinal 5-
HTj3 receptors attenuated inflammation-induced hypersensitivity[38], and responses to
formalin were decreased in HT3a receptor knockout mice[38].

Peripheral and central levels of serotonin and turnover were quantified after administration
of 5-HTP. Not surprisingly, serum serotonin, metabolism and turnover were augmented
peripherally, consistent with systemic administration of the serotonin precursor. Central
changes lagged behind those seen in the periphery; the greatest increases in serotonin
metabolism and turnover were observed at 2 h. Since 5-HTP can readily cross the blood
brain barrier[8], it was not unexpected to observe central changes in serotonin and
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metabolism, although these effects were not as robust as the peripheral changes.
Interestingly, the time course of 5-HTP-induced hypersensitivity mimics the peripheral
changes. Early studies indicated that intravenous administration of serotonin can exert
actions on descending pain modulatory systems from the brainstem[40]. It is possible that in
the present study, 5-HTP increases peripheral serotonin, which may then activate non-5-HT3
serotonin receptors and lead to activation of descending facilitatory systems that produced
bladder hypersensitivity.

In the present studies, systemic 5-HTP produced visceral hypersensitivity and somatic
analgesia, indicating that serotonin can have differential effects on nociceptive processing.
The pro-nociceptive effect was prevented by intrathecal ondansetron, suggesting that in the
urinary bladder, the last part of any nociceptive facilitation process involves activation of
spinal 5-HT3 receptors.
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Highlights
e 5-HTP produces visceral hypersensitivity and somatic thermal analgesia.
»  Serotonin can have differential effects on nociceptive processing.

» 5-HTP induced bladder hypersensitivity occurs by a spinal 5-HT3 receptor
mechanism.
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(A) UBD-evoked visceromotor responses to bladder distension were significantly enhanced
30 min after 5-HTP administration. (B) Responses returned to baseline within 2 h. * p<0.05

compared to vehicle. N=6-8/group.
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Hargreaves Test
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Figure 2.
In contrast to its sensitizing effects on bladder nociception, 5-HTP (10 mg/kg) produced

significant analgesia to thermal stimulation of the hindpaw. This effect dissipated by 2 h. *
p<0.05 compared to vehicle. N=6-8/group.
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Figure 3.
(A) The enhanced EMG responses to bladder distension observed after administration of 5-

HTP were still apparent after administration of a 5-HT3 receptor antagonist. (B) 5-HTP-
induced bladder hypersensitivity was inhibited by intrathecal administration of ondansetron.
* and ** indicate p<0.05 and p<0.01, respectively. N=5-8/group.
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Figure 4.
(A) Serum serotonin was significantly increased 30 min after administration of 5-HTP (left).

Levels returned to those of vehicle-treated animals by 2 h. 5-HIAA (middle) and 5-HIAA:5-
HT (right) were also significantly elevated 30 min and 2 h after 5-HTP compared to vehicle-
treated animals. (B) No significant changes in CSF levels of 5-HT were observed following
administration of 5-HTP (left). Both 5-HIAA (middle) and 5-HIAA:5-HT (right) were
significantly higher 2 h after 5-HTP than what was observed in vehicle-treated animals. *
p<0.05 compared to vehicle. N=3-6/group.
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