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Abstract
Purpose—To investigate the role of α2-adrenoceptors (ARs) and glutamate mechanisms of the
urethral continence reflex in response to abdominal pressure increases.

Materials and Methods—Under urethane anesthesia, external urethral sphincter (EUS)-
electromyogram activity was evaluated in spinal cord transected (T8-9) female rats during lower
abdominal wall compression before and after intravenous (i.v.) application of test drugs. The effects
of MK-801 (0.03, 0.3 and 3 mg/kg i.v.), an N-methyl-D-aspartate glutamate receptor antagonist, or
medetomidine (0.03, 0.3 and 3 mg/kg i.v.), an α2-AR agonist, on EUS activity were examined. Then,
idazoxan (0.3 mg/kg i.v.), an α2-AR antagonist, was administered before or after application of
MK-801 (1 mg/kg i.v.). In addition, idazoxan (0.3 mg/kg i.v.) was administered following application
of duloxetine (1 mg/kg, i.v.), a serotonin/norepinephrine reuptake inhibitor.

Results—Both MK-801 and medetomidine dose-dependently decreased the EUS activity. Idazoxan
significantly increased the EUS activity by 64%, but the increase in EUS activity after idazoxan was
abolished by MK-801. On the other hand, idazoxan did not reverse the inhibitory effects of MK-801.
In addition, idazoxan significantly potentiated the duloxetine effects on the EUS activity by 120%.

Conclusions—These results indicate that: 1) glutamate is a major excitatory neurotransmitter in
the urethral continence reflex response to abdominal pressure increases, 2) α2-AR activation
suppresses EUS activity probably via presynaptic inhibition of glutamate release and 3) the effects
of serotonin/norepinephrine reuptake inhibitors are enhanced by α2-AR inhibition. Therefore, α2-AR
antagonists could be beneficial for the treatment of stress urinary incontinence.
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Introduction
There are more than 200 million people worldwide with urinary incontinence, a condition that
is associated with a significant social impact and a reduced quality of life.1 The transvaginal
tape procedure has recently gained popularity for the treatment of stress urinary incontinence
(SUI) because of its relatively simple techniques and high success rates. On the other hand,
there are few drugs that can enhance urinary continence under stress conditions such as
sneezing, coughing or lifting heavy objects because pharmacological targets for improving
urethral closure mechanisms under stress conditions are not fully elucidated. We previously
reported that active urethral closure during sneezing is induced by direct activation of pudendal
nerves and somatic nerves innervating pelvic floor muscles,2 and that active urethral closure
induced in Valsalva-like stress conditions is mediated by pelvic-to-hypogastric and pelvic-to-
pudendal reflex pathways.3

α-adrenoceptor (AR) agonists showed modest improvement when used for the treatment of
SUI but these drugs have not been commonly used because of the risk of hypertension and/or
hemorrhagic stroke.4 Imipramine and duloxetine have been used clinically to treat SUI;
however duloxetine, although available in Europe, has not been approved by the United States
Food and Drug Administration. These drugs are thought to act by inhibiting reuptake of
serotonin (5-hydroxytryptamine [5-HT]) and norepinephrine (NE) in the Onuf’s nucleus,
leading to stimulation of 5-HT and NE receptors, which increases external urethral sphincter
(EUS) activity.5-8 We have recently reported that 5-HT and NE pathways are important in
maintaining sneeze-induced urethral continence reflexes and that duloxetine-induced
enhancement of the reflexes is predominantly mediated by α1-ARs in the spinal cord.9

Previous studies that examined the pelvic-to-pudendal spinal reflex during urine storage10,
11 have demonstrated that the pelvic nerve electrical stimulation or bladder distension induced
by saline infusion can induce an increase in EUS activity, which is attenuated by intrathecal
or intravenous (i.v.) administration of N-methyl-D-aspartate (NMDA) glutamate receptor
antagonists. Glutamate is well known as an excitatory neurotransmitter in the central nervous
system, and its release at nerve terminals is regulated by presynaptic α2-ARs in the dorsal horn
12 or at synapses on sympathetic preganglionic neurons.13 However, the involvement of
glutamate and α2-AR systems in the control of urethral closure reflexes induced in stress
conditions remains to be explored.

Therefore, this study was undertaken: 1) to develop a reproducible animal model to investigate
EUS activity during urethral continence reflexes induced in Valsava-like stress conditions and
2) to clarify whether EUS responses in stress conditions are controlled by glutamate and/or
α2-AR mechanisms.

Material and Methods
Animal preparation

The spinal cord of 20 female Sprague-Dawley rats, weighing 250-280 g, was transected under
isoflurane anesthesia at the T8-9 level to eliminate voiding reflexes induced by spino-bulbo-
spinal reflex pathways. The bladder neck was ligated with 4-0 silk threads through a middle
abdominal incision to prevent urinary leakage when the lower abdominal wall was manually
compressed. A polyethylene (PE)-90 catheter was inserted through the bladder dome into the
bladder to monitor intravesical pressures, and PE-50 and PE-10 catheters were implanted into
the carotid artery and jugular vein to monitor blood pressure and to administer test drugs,
respectively. After the surgery, the abdominal wall was tightly closed, and then isoflurane
anesthesia was replaced with urethane anesthesia (1.2 g/kg subcutaneously) to examine EUS-
electromyogram activity. All experiments were conducted in accordance with institutional
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guidelines and approved by the University of Pittsburgh Institutional Animal Care and Use
Committee.

External urethral sphincter electromyogram recording
Two epoxy-coated copper wire electromyogram electrodes (50 μm, M.T. Giken, Tokyo, Japan)
were inserted transperineally 1 mm lateral to the middle urethra for EUS-electromyogram
recording. The EUS-electromyogram activity was amplified 20,000-fold and filtered (high and
low-frequency cut-off at 3,000 Hz and 30 Hz, respectively) by a preamplifier (Grass P511AC,
Cleveland, OH, USA) and then recorded using a data-acquisition software (sampling at 4000
Hz, Chart, ADInstruments, Castle Hill NSW, Australia) on a computer system equipped with
an analog-to-digital converter (PowerLab, ADInstruments). Under urethane anesthesia, the
bladder was filled with 0.3 ml of saline solution because more than 0.5 ml of saline infusion
sometimes induced spontaneous bladder contractions.14 The spikes of EUS-electromyogram
during lower abdominal wall compression for 10 seconds were recorded three times at 2-minute
intervals before and after drug application to examine the effects of test drugs on EUS activity.
The level of bladder compression was monitored through the intravesical catheter to produce
similar compression patterns of intravesical pressure rises (approximately 90 cmH2O in
amplitude) among trials. At the end of experiments, the trachea was cannulated with PE-200
tubing, and α-bungarotoxin (Sigma, St. Louis, MO, USA, 0.4 mg/kg i.v.), a neuromuscular
blocking agent, was administered during artificial ventilation to confirm that the electrode was
recording striated muscle activity and to determine the level of electrical noise. EUS-
electromyogram activity exceeding the electrical noise level was rectified and measured by
integration of the area under the curve using Chart software. The average area of EUS-
electromyogram during bladder compression at three times was taken as EUS activity for each
animal (Fig. 1).

Application of drugs
Cumulative doses of MK-801, an NMDA glutamate receptor antagonist (0.03, 0.3 and 3 mg/
kg i.v., Sigma) or medetomidine, an α2-AR agonist (0.03, 0.3 and 3 mg/kg i.v., Tocris Cookson,
Ellisville, MO, USA) were administered at 10-minute intervals to examine the involvement of
NMDA glutamatergic receptors and α2-ARs in the control of EUS activity (n=4 per each drug).
Idazoxan, an α2-AR antagonist, (0.3 mg/kg i.v., Sigma) was administered before or after
administration of MK-801 (1 mg/kg i.v.) at 10-minute intervals to investigate the relationship
between α2-AR and NMDA receptor activation (n=4 each before or after MK-801). In addition,
idazoxan (0.3 mg/kg i.v.) was administered after duloxetine, a 5-HT/NE reuptake inhibitor (1
mg/kg i.v., Kemprotec, Middlesbrough, UK) at a 10-minute interval to determine whether α2-
AR antagonists can augment the effect of duloxetine on EUS activity (n=4). All test drugs were
dissolved in saline solution and administered i.v. in 0.5 ml/kg volume followed by a flush of
0.1 ml saline solution.

Data Analysis
All data are represented as mean values ± standard error of the mean. Statistical analysis
software (Prism, Graphpad Software, San Diego, CA, USA) was used to compare the results.
Repeated measures ANOVA, followed by Turkey’s multiple comparison test, was used to
compare changes in the EUS activity before and after cumulative injections of MK-801 and
medetomidine. Changes in the EUS activity before and after single dose treatments of
duloxetine, idazozan and/or MK-801 were analyzed using paired Student t-test. P<0.05 was
regarded as statistically significant.
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Results
The mean intravesical pressure from all experiments during abdominal compression was 95.6
± 5.0 cmH2O, and was not different among subgroups that received different drug injections.
As shown in Fig. 1, abdominal compression induced increases in EUS-electromyogram
activity, which was abolished by α-bungarotoxin, a neuromuscular blocking agent. In addition,
we often observed after-discharges of EUS-electromyogram following cessation of abdominal
compression, which were usually most obvious after the first compression (Fig. 1). Cumulative
administration of MK-801 (0.03, 0.3 and 3 mg/kg i.v.) showed that the lowest dose (0.03 mg/
kg) of MK-801 did not change the EUS activity. However, higher single doses (0.3 and 3 mg/
kg) of MK-801 significantly decreased the EUS activity by 70% (P<0.05) and 91% (P<0.01),
respectively, compared with the pre-drug control value (Fig. 2A). In addition, the highest
cumulative dose (3 mg/kg) of MK-801 significantly decreased the mean blood pressure
compared with control (P<0.01), but lower single doses (0.03 and 0.3 mg/kg) of MK-801 did
not change the mean blood pressure (Fig. 2B).

Cumulative administration of medetomidine (0.03, 0.3 and 3 mg/kg i.v.) significantly
decreased the EUS activity by 27% (P<0.05), 54% (P<0.01) and 82% (P<0.01), respectively,
compared with control (Fig.1 and Fig. 3A). On the other hand, cumulative administration of
medetomidine did not change the mean blood pressure (Fig 3B), but higher single doses (0.3
and 3 mg/kg) of medetomidine caused a biphasic blood pressure response; blood pressure fell
after a transient hypertensive phase (data not shown).

Administration of idazoxan (0.3 mg/kg i.v.) significantly increased the EUS activity by 64%
compared with control (P<0.05), and subsequent application of MK-801 (1 mg/kg i.v.)
decreased the EUS activity to 33 % of the control value (P<0.05) (Fig. 4A). When the sequence
of drug administration was reversed, administration of MK-801 significantly decreased the
EUS activity by 74% (P<0.01), and subsequent application of idazoxan did not further change
the EUS activity (Fig. 4B). Idazoxan did not change the mean blood pressure (idazoxan: 133.3
± 4.2 cmH2O versus control: 140.0 ± 2.6 cmH2O).

Administration of duloxetine (1 mg/kg i.v) significantly increased the EUS activity by 45%
(P<0.05). The increased EUS activity by duloxetine was significantly increased by subsequent
application of idazoxan (0.3 mg/kg i.v.) by 52% compared with duloxetine alone (P<0.05) or
by 120% compared with pre-duloxetine control (P<0.01) (Fig. 5A). Consecutive i.v.
administration of duloxetine and idazoxan did not change the mean blood pressure (duloxetine:
159.0 ± 3.8 cmH2O versus idazoxan: 151.8 ± 4.6 cmH2O versus control: 152.0 ± 5.0 cmH2O)
(Fig. 5B).

Discussion
In this study, we used rats with acute spinal cord transection, in which voiding induced by
supraspinal micturition reflex pathways was suppressed while urethral reflexes induced by
bladder distension or compression, which are predominantly organized by lumbosacral spinal
reflex pathway, were kept intact.15, 16 We have also previously reported that EUS contractions
during passive intravesical pressure rises mediated by pelvic-to-pudendal reflex pathways
contribute to urinary continence because transection of pelvic and pudendal nerves
significantly reduced leak point pressure in this animal model.3 This study further
demonstrated that measuring EUS-electromyogram is a useful method for quantitative analysis
of EUS activity in Valsalva-like stress conditions induced by abdominal compression. In
addition, since the level of intravesical pressure increases (95.6 cmH2O) during abdominal
compression was higher compared with abdominal leak point pressure (50 cmH2O) previously
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reported in rats,17 it is possible that the EMG responses recorded in this study might be
exaggerated.

Cumulative administration of MK-801 dose-dependently decreased EUS activity during
abdominal compression by up to 91% and had no effect on blood pressure except for the highest
dose (3 mg/kg), suggesting that the effect of MK-801 on EUS activity is not induced directly
by changes in cardiovascular function. Glutamate is known to be the major neurotransmitter
controlling lower urinary tract function in central nervous system,18 and the inhibitory effects
of MK-801 in the spinal cord on EUS activity increased during stimulation of the pelvic nerve
have been reported in rats.10, 11 Thus, the pelvic-to-pudendal urethral continence reflex
induced in Valsalva-like stress conditions is also likely to be dependent upon activation of
glutamatergic NMDA receptors in the spinal cord. However, because the experiments in this
study were performed in urethane-anesthetized animals, the possibility that anesthesia might
have affected the results cannot be excluded. In addition, we observed a variation in the control
(predrug) EMG activity during abdominal compression among animals (Figs. 2-5), which is
possibly due to the difference in the depth of anesthesia.

We also found that administration of medetomidine, an α2-AR receptor agonist, dose-
dependently decreased EUS activity during abdominal compression by 82% while inhibition
of α2-ARs by idazoxan conversely increased EUS activity by 64% without affecting blood
pressure. These results indicate that α2-ARs are activated to suppress the spinal urethral
continence reflex that increases EUS activity during abdominal pressure increases. Thus, we
further examined the relationship between α2-ARs and glutamatergic mechanisms in the
control of the urethral continence reflex. Administration of idazoxan increased EUS activity
by 64%, and the idazoxan-induced increase in EUS activity was abolished by subsequent
application of MK-801. However, administration of idazoxan following MK-801 did not
increase EUS activity, which was decreased by MK-801. These results suggest that the α2-AR-
mediated inhibitory effect may be mediated by suppression of glutamatergic mechanisms.
Previous studies have shown that the release of glutamate is regulated by α2-ARs
presynaptically in the dorsal horn12 and at synapses on sympathetic preganglionic neurons.
13 Thus it seems reasonable to assume that α2-ARs also regulate the release of glutamate in
the spinal cord to modulate the pelvic-to-pudendal spinal reflex induced in Valsalva-like stress
conditions (Fig. 6). Therefore, the use of α2-AR antagonists, which increase EUS activity
during abdominal pressure increases, could be an alternative modality for the treatment of SUI.

Duloxetine, a 5-HT and NE reuptake inhibitor, has demonstrated clinical efficacy in the
treatment of SUI.19 The action of this drug is considered to be associated with reuptake
inhibition of 5-HT and NE at Onuf’s nucleus of the sacral spinal cord.7, 20 In the present study,
following duloxetine application, idazoxan dramatically increased EUS activity by 52%
compared with duloxetine alone or by 120% compared with pre-duloxetine control, which was
similar to the combined effects of idazoxan (64%) and duloxetine (45%) administered
separately. These results indicate that duloxetine, which increases NE concentrations at
noradrenergic nerve terminals in the spinal cord, activates α2-ARs to counteract the stimulatory
effects of duloxetine on the urethral continence reflex. Danuser et al.5 previously demonstrated
that modulation of somatic reflex pathways to the lower urinary tract by NE reuptake inhibition
caused activation of not only facilitatory α1-ARs, but also inhibitory α2-ARs in the spinal cord
using cats. We recently reported that the enhancing effects of duloxetine on the urethral
continence reflex during sneezing were mainly mediated by activation of α1-ARs in the spinal
cord and that α2-AR-mediated inhibition by duloxetine was also observed when both α1-ARs
and 5-HT receptors were suppressed in rats.9 Taken together, it is assumed that duloxetine can
induce activation of facilitatory α1-ARs as well as inhibitory α2-ARs in the spinal cord to
modulate the urethral continence reflex induced in Valsalva-like stress conditions. Therefore,
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combined applications of 5-HT/NE reuptake inhibitors and α2-AR antagonists could be more
effective for the treatment of SUI than the single drug therapy (Fig. 6).

Conclusions
The present study suggests that glutamate is the major excitatory neurotransmitter in the pelvic-
to-pudendal spinal reflex induced in Valsalva-like stress conditions. Since α2-ARs inhibit the
release of glutamate in the spinal cord, α2-AR antagonists could be useful as an alternative
treatment of SUI. In addition, α2-AR antagonists could enhance the therapeutic effects of 5-
HT/NE reuptake inhibitors by blocking the inhibitory effects of duloxetine mediated via α2-
AR activation.
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FIGURE 1.
Representative traces of intravescial pressures and EUS-electromyogram. EUS activity during
lower abdominal wall compression for 10 seconds (bar) was recorded three times at 2 minute
intervals before (control) and 10 min after i.v. administration of test drugs. Abdominal
compression induced increases in EUS-electromyogram activity, and cumulative application
of medetomidine (Med; 0.03, 0.3 and 3 mg/kg) dose-dependently decreased the EUS activity
during abdominal compression. In addition, after-discharges of EUS-electromyogram were
often observed following cessation of abdominal compression, most obviously after the first
compression. EUS activity was completely eliminated by α-bungarotoxin (0.4 mg/kg) at the
end of experiment (lowest trace).
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FIGURE 2.
Effects of cumulative application of MK-801, a NMDA glutamate receptor antagonist, on EUS
activity and blood pressure. A; higher single doses (0.3 and 3 mg/kg) of MK-801 (MK)
significantly decreased the EUS activity during abdominal compression by 70% (*P<0.05) and
91% (**P<0.01) compared with pre-drug control, respectively. B; the highest dose (3 mg/kg)
of MK-801 significantly decreased the mean blood pressure compared with control
(**P<0.01).
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FIGURE 3.
Effects of medetomidine, an α2-AR agonist, on EUS activity and blood pressures. A;
Cumulative application of medetomidine (Med; 0.03, 0.3 and 3 mg/kg) significantly decreased
the EUS activity during abdominal compression dose-dependently by 27% (*P<0.05), 54%
(**P<0.01) and 82% (**P<0.01) compared with pre-drug control, respectively. B; Cumulative
application of medetomidine did not change the mean blood pressure.
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FIGURE 4.
Relationship between the effects of idazoxan, an α2-AR antagonist, and MK-801, a NMDA
glutamate receptor antagonist, on EUS activity. A; Idazoxan (Ida; 0.3 mg/kg) significantly
increased the EUS activity during abdominal compression by 64% compared with pre-drug
control (*P<0.05). The increased EUS activity after idazoxan was then eliminated and reduced
to the level lower than control (*P<0.05) after subsequent application of MK-801 (MK; 1 mg/
kg). B; MK-801 significantly decreased the EUS activity by 74% compared with pre-drug
control (**P<0.01), but the decreased EUS activity by MK-801 was not changed by subsequent
application of idazoxan.
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FIGURE 5.
Effects of idazoxan, an α2-AR antagonist, in combination with duloxetine, a 5-HT/NE reuptake
inhibitor, on EUS activity. A; duloxetine (Dul; 1 mg/kg) significantly increased the EUS
activity during abdominal compression by 45% compared with pre-drug control (*P<0.05),
and the increased EUS activity by duloxetine was significantly augmented by idazoxan (Ida;
0.3 mg/kg) by 52% compared with duloxetine alone (*P<0.05) or by 120% compared with pre-
duloxetine control (**P<0.01). B; Consecutive application of duroxetine and idazoxan did not
change the mean blood pressure.
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FIGURE 6.
Hypothetical schema of α2-adrenoceptor (AR) and glutamatergic (Glu) mechanisms in the
control of external urethral sphincter (EUS) continence reflex induced by abdominal
compression. Glutamate is the major excitatory neurotransmitter, and α2-AR activation
suppresses EUS activity probably via α2-AR-mediated presynaptic inhibition of glutamate
release. In addition, the effects of serotonin (5-HT)/norepinephrine (NE) reuptake inhibitors
can be enhanced by α2-AR antagonists that suppress α2-AR activation induced by increased
NE.
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