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Abstract:
Objectives: To investigate roles of brain carbon monoxide (CO), an endogenous

gasotransmitter, in regulation of the rat micturition reflex.

Methods: In urethane-anesthetized (0.8 g/kg, ip) male rats, evaluation of urodynamic

parameters was started 1 h before intracerebroventricular administration of CORM-3 (CO

donor) or ZnPP (non-selective inhibitor of heme oxygenase, a CO producing enzyme) and

continued for 2 h after the administration. We also investigated effects of centrally

pretreated SR95531 (GABAA receptor antagonist) or SCH50911 (GABAB receptor

antagonist) on the CORM-3-induced response.

Results: CORM-3 significantly prolonged intercontraction intervals (ICIs) without

changing maximal voiding pressure (MVP), while ZnPP significantly shortened ICI and

reduced single-voided volume and bladder capacity without affecting MVP, post-voided

residual volume, or voiding efficiency. The ZnPP-induced ICI shortening was reversed by

CORM-3. The CORM-3-induced ICI prolongation was significantly attenuated by centrally

pretreated SR95531 or SCH50911, respectively.

Conclusions: Brain CO can suppress the rat micturition reflex through brain

c-aminobutyric acid (GABA) receptors.

Key words: brain, carbon monoxide, GABAA receptor, GABAB receptor, micturition

reflex.

INTRODUCTION

A toxic gas carbon monoxide (CO) is endogenously produced gasotransmitter1 via heme oxy-
genase (HO)-mediated degradation of heme to biliverdin.2 CO has a variety of physical func-
tions including vasomodulation, neuromodulation, and cytoprotection.3–5 Alteration in
endogenous CO synthesis is associated with several diseases such as atherosclerosis,6

hypertension,7 and neurodegenerative diseases.5 Therefore, the HO-mediated CO production
can play an important role as a biodefense. Furthermore, low-level CO has been explored as
a potential therapeutic factor in many different pathogenesis models including cardiovascular
and neurovegetative diseases.5 In the brain, endogenous low-level CO production can play
several biological roles, including neuroprotection.8

HO has three isozymes.2 HO-1 is an inducible type and is localized in the liver, spleen,
brain, skin, and heart.9 HO-2 is a constitutive type, and its localization is widely distributed,
with particularly higher concentrations in the brain and testis.10 HO-3 is only expressed in the
rat brain, but its activity is extremely low11 and is considered as a retrotransposon of HO-2.12

Under physiological conditions, HO-2 is a major brain isoform, expressing in the olfactory bulb,
cortex, hippocampus, hippocampal granule cell, and cerebellum.11 HO-2-mediated CO produc-
tion is increased through various physiological stimulations to maintain neural function,13

whereas basal brain HO-1 expression level is low, restricted in the dentate gyrus, ventromedial
hypothalamus, and the brain stem.11 However, under stressful stimulation such as hypothermia,
cerebral ischemia, hemorrhage or trauma, brain HO-1 expression is increased.11

The coordination between the peripheral and central nervous systems is important for the
control of urinary function.14 The pontine micturition center (PMC) regulates micturition in
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an inhibitory manner with signals from the cerebrum. Regard-
ing the role of CO in urinary function, there are a few reports
showing the CO role in regulation of the micturition reflex as
a relaxation factor in the urethral smooth muscle.15,16 How-
ever, the regulatory role of brain CO remains unclear. Thus,
we investigated the effects of centrally administered CORM-3
(CO donor) and ZnPP (non-selective HO inhibitor) on the rat
micturition reflex to elucidate the role of brain CO in its
regulation.

METHODS

Ethical approval and animals

The animal experimental protocol was approved by the Insti-
tutional Animal Care and Use Committee of Kochi Univer-
sity (protocol numbers: N-84/O-57/P-67). The animal
experiments are performed according to the ARRIVE
guidelines.17 A total of 112 male Wister rats (Japan SLC
Inc., Hamamatsu, Japan) weighing 350–450 g were used.
These rats housed two per cage and were maintained in an
air-conditioned room at 22–24°C under the 14/10 h light/dark
cycle with lights on at 05:00 a.m. They were given food (lab-
oratory chow, CE-2; Clea Japan, Hamamatsu, Japan) and
water ad libitum and were randomly divided into 16 groups
and used for experiments.

Experimental surgery

Under urethane anesthesia (0.8 g/kg, IP), cystometry was per-
formed in rats placed in a stereotaxic apparatus for the brain
(SR-6R; Narishige, Tokyo, Japan) according to previous
procedures.18 The stereotaxic coordinates of the tip of an injec-
tion stainless-steel cannula (outer diameter, 0.3 mm) were as
follows (in mm): AP �0.8, L 1.5, V 4.5 (AP, anterior from
the bregma; L, lateral from the midline; V, below the surface
of the brain), according to the rat brain atlas.19 The cannula
was injected into the left lateral ventricle 3 h after the surgery,
and each drug was administered slowly. When drugs were
intravenously administered, a PE50-catheter filled with hepa-
rinized saline (100 U/mL) was cannulated into the femoral
vein and the administration was performed through the catheter
without placing in the stereotaxic apparatus.

Drug administration

CORM-3, SR95531 (GABAA receptor antagonist), and
SCH50911 (GABAB receptor antagonist) were dissolved in
saline. ZnPP was dissolved in 1% N, N-dimethylformamide
(DMF)/saline. CORM-3 (1 or 10 nmol in 10 lL/rat), ZnPP
(10 or 30 nmol in 5 lL/rat), SR95531 (0.1 nmol in 10 lL/
rat), and SCH50911 (0.1 nmol in 10 lL/rat) were injected
slowly into the left lateral ventricle at the rate of 10 lL/min
using a cannula connected to a 10-lL Hamilton syringe
(Hamilton, Reno, NV, USA). When CORM-3 (10 nmol/rat),
SR95531 (0.1 nmol/rat), or SCH50911 (0.1 nmol/rat) was
pretreated, the cannula was retained in the ventricle for
15 min to circumvent each drug leakage and then removed
from the ventricle. Thirty minutes after each pretreatment,
ZnPP (30 nmol/rat) or CORM-3 (10 nmol/rat) was

intracerebroventricularly (ICV) administered. When CORM-3
(10 nmol/rat) or ZnPP (30 nmol/rat) was intravenously
administered, each drug solution was injected via a venous
catheter (200 lL/rat).

Two hours after the last ICV injection, cresyl violet was
administered into the same ventricular part; then, each rat
was euthanized with an overdose of pentobarbital (80 mg/kg,
IP). Subsequently, each rat was decapitated, and the brain
was removed to check whether the cannula was injected into
the exact brain location. Five rats were ruled out due to can-
nula misplacement; then, the data were obtained from 107
rats in this study.

Cystometry

Continuous and single cystometry were performed according
to previous procedures to evaluate intercontraction interval
(ICI), maximal voiding pressure (MVP), single-voided vol-
ume (VV), post-voided residual volume (RV), bladder capac-
ity (BC), and voiding efficiency (VE).18 When performing
continuous cystometry, 2 h after the surgery, intravesical
instillation of saline was started (12 mL/h), and each drug
was injected 1 h after the start. Subsequently, the instillation
was continued for 2 h after administration of CORM-3 or
ZnPP. When performing single cystometry, saline was intra-
vesically instilled at a rate of 12 mL/h and the cystometry
was performed for 30 min before and for 30 min after the
ICV administration of ZnPP.

Data and statistical analyses

All data are presented as mean � standard error of the mean.
Relative values of ICI and MVP were calculated as the ratio
of averaged ICI and MVP measured for each 30 min after
CORM-3 or ZnPP administration to those measured each
30 min before administration. Relative values of VV, RV,
BC, and VE were calculated as the ratio of averaged each
parameter measured for 30 min after ZnPP administration to
those measured for 30 min before administration. These data
were analyzed by an investigator (N.S.) blinded to experi-
mental conditions. Based on the expected difference in a
desired endpoint measurement between the test and control
groups, the sample size in each experimental group was
determined. Statistical differences were determined using
one-way analysis of variance (ANOVA) followed by a post
hoc analysis with the Bonferroni method. When two means
were compared, an unpaired Student’s t-test was used, and in
single cystometry, a paired t-test was used in the study before
and after ICV-administered ZnPP. p Values <0.05 were taken
to indicate statistical significance.

Drugs and chemicals

We purchased urethane (Sigma Aldrich, St Louis, MO, USA),
DMF (Nacalai Tesque, Kyoto, Japan), CORM-3 (Tricarbon-
chloro(glycinato)ruthenium) (Tocris Bioscience, Bristol, UK),
ZnPP (Zinc (II) Protoporphyrin IX) (MedChemExpress, NJ,
USA), SR95531 (2-(3-carboxypropyl)-6-(4-methoxyphenyl)-
2,3-dihydropyridazin-3-iminium bromide) (Tocris Bioscience),
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and SCH50911 ((+)-(2S )-5,5-dimethyl-2-morpholineacetic acid
hydrochloride) (Tocris Bioscience). All other chemicals were
commercially available.

RESULTS

Effect of ICV-administered CORM-3 on the
micturition reflex

There was no significant difference in baseline values of ICI
or MVP prior to vehicle or CORM-3 administration among
the three groups (Table 1).

ICV-administered CORM-3 did not affect ICI or MVP at a
lower dose (1 nmol/rat), while at a higher dose (10 nmol/rat),
CORM-3 significantly prolonged ICI without affecting MVP
during the 30–60 min period compared with the vehicle-
treated group (Figures 1 and 2).

Effect of intravenously administered CORM-3
on the micturition reflex

There was no significant difference in baseline values of ICI
prior to vehicle or CORM-3 administration between the two
groups (Table 2).

Intravenously administered CORM-3 showed no significant
effect on ICI (Table 3).

Effect of ICV-administered ZnPP on the
micturition reflex

There was no significant difference in baseline values of ICI
or MVP prior to vehicle or ZnPP administration among the
three groups (Table 1).

Compared with the vehicle-treated group,
ICV-administered ZnPP (30 nmol/rat) significantly shortened
ICI without affecting MVP during the 0–30 min period. The
ZnPP-induced shortening gradually abolished 30 min after
the ZnPP treatment (Figures 3 and 4).

Effect of ICV-administered ZnPP on
urodynamic parameters in single cystometry

The baseline values of VV, RV, BC, and VE during the �30
to 0 min period are shown in Table 4. ICV-administered
ZnPP (30 nmol/rat) significantly decreased VV and BC with-
out changing RV or VE during the 0–30 min period com-
pared with the �30 to 0 min period (Table 5).

Effect of intravenously administered ZnPP on
the micturition reflex

There was no significant difference in baseline values of ICI
prior to vehicle or ZnPP administration between the two
groups (Table 2).

Intravenously administered ZnPP showed no significant
effect on ICI (Table 3).

Effects of ICV-pretreated CORM-3 on
ZnPP-induced ICI shortening

There was no significant difference in the baseline values of
ICI prior to vehicle or ZnPP administration between the two
groups (Table 6).

ICV-administered ZnPP (30 nmol/rat) significantly short-
ened ICI in the vehicle-pretreated group, while in the
CORM-3-pretreated group, ZnPP showed longer ICI com-
pared with the vehicle-pretreated group (Figure 5).

Effects of ICV-pretreated SR95531 or
SCH50911 on CORM-3-induced ICI
prolongation

There was no significant difference in the baseline values of
ICI prior to vehicle or CORM-3 administration among the
three groups (Table 7).

ICV-administered CORM-3 significantly prolonged ICI
during the 90–120 min period in the vehicle-pretreated group,
while ICV-pretreated SR95531 or SCH50911 significantly
suppressed the CORM-3-induced ICI prolongation (Figure 6).

DISCUSSION

Our present data indicated that (1) ICV-administered CORM-
3 prolonged ICI without affecting MVP, while intravenous

TABLE 1 Baseline values of intercontraction interval (ICI) and maximal

voiding pressure (MVP) during the �30 to 0 min period in rats of

Figures 2 and 4.

ICI (s)

MVP

(cmH2O)

Vehicle (saline, 10 lL/rat, ICV) (n = 8) 254.9 � 37.5 42.2 � 3.5

CORM-3 (1 nmol/rat, ICV) (n = 7) 277.3 � 46.1 50.3 � 4.9

CORM-3 (10 nmol/rat, ICV) (n = 7) 206.5 � 26.8 38.1 � 7.5

Vehicle (1% DMF/saline, 5 lL/rat, ICV)

(n = 7)

288.2 � 10.7 45.8 � 2.5

ZnPP (10 nmol/rat, ICV) (n = 8) 285.4 � 40.8 43.7 � 2.5

ZnPP (30 nmol/rat, ICV) (n = 9) 213.2 � 28.6 47.6 � 3.8

Note: Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses. Abbreviations: DMF, N, N-

dimethylformamide; ICV, intracerebroventricularly.

FIGURE 1 A representative in vivo continuous

cystometry trace. CORM-3 (10 nmol/rat) was

administered via intracerebroventricularly

injection. The arrow indicates the timing of CORM-

3 injection.
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administration of CORM-3 had no effect on ICI; (2) although
ICV administered ZnPP induced ICI shortening and reduc-
tions in VV and BC without affecting MVP or RV, intrave-
nous administration of ZnPP had no effect on ICI; (3) the

ZnPP-induced ICI shortening was reversed by central pre-
treatment with CORM-3; and (4) the CORM-3-induced ICI
prolongation was suppressed by central pretreatment with
SR95531 or SCH50911. These results suggest that brain CO
can suppress the rat micturition reflex through brain c-
-aminobutyric acid (GABA) receptors.

First, we used CORM-3, a CO donor delivering controlled
amounts of CO to biological systems.20,21 In general,
responses induced by gasotransmitters are highly dependent
on doses, the physiological response at lower doses and the
non-physiological effect at higher doses. In our preliminary
experiments, ICV-administered CORM-3 at 1000 or
100 nmol per rat resulted in urinary retention or overflow
incontinence, indicating that “non-physiological” responses
might be evoked by CORM-3 at these higher doses. On the
other hand, CORM-3 at 10 nmol tended to prolong ICI. In
this study, to evaluate effects of CORM-3 on the micturition
reflex under stable monitoring of the reflex, we investigated a

FIGURE 2 Effects of centrally administered CORM-3 on urodynamics parameters, intercontraction interval (ICI) (a) and maximal voiding pressure (MVP) (b), of con-

tinuous cystometry. Data were calculated as a ratio of baseline values during the �30 to 0 min period before central administration of CORM-3 (1 or 10 nmol/rat,

intracerebroventricularly [ICV]) or vehicle (saline, 10 lL/rat, ICV). Values are means � standard error of the mean. *p < 0.05, when compared to ANOVA, followed

by post hoc analysis of the Vehicle group using the Bonferroni method. The number of animals per group is shown in parentheses.

TABLE 2 Baseline values of intercontraction interval (ICI) during the �30

to 0 min period in rats of Table 3.

ICI (s)

Vehicle (saline, 200 lL/rat, IV) (n = 5) 207.3 � 36.8

CORM-3 (10 nmol/rat, IV) (n = 5) 247.2 � 38.3

Vehicle (1% N, N-dimethylformamide/saline, 200 lL/rat, IV)

(n = 5)

227.5 � 40.3

ZnPP (30 nmol/rat, IV) (n = 5) 265.2 � 18.8

Note: Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses.

TABLE 3 Effect of intravenously administered CORM-3 or ZnPP on intercontraction intervals.

Before IV (%)

After IV (%)

0–30 min 30–60 min 60–90 min 90–120 min

Vehicle (saline) (n = 5) 100.0 � 0.0 102.1 � 3.9 105.5 � 2.1 120.3 � 11.9 111.3 � 4.6

CORM-3 (10 nmol) (n = 5) 100.0 � 0.0 109.0 � 5.4 97.4 � 7.2 92.8 � 1.9 101.3 � 8.7

Vehicle (1% DMF in saline) (n = 5) 100.0 � 0.0 105.5 � 5.7 101.0 � 5.5 106.2 � 5.9 121.0 � 10.5

ZnPP (30 nmol) (n = 5) 100.0 � 0.0 101.3 � 5.3 95.0 � 3.1 96.3 � 5.1 97.3 � 6.7

Note: Data are calculated as a ratio of baseline values during the �30 to 0 min period. IV: intravenous administration of CORM-3 (10 nmol/rat), vehicle (saline,

200 lL/rat), ZnPP (30 nmol/rat), or vehicle (1% N, N-dimethylformamide in saline, 200 lL/rat). Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses. Abbreviation: DMF, N, N-dimethylformamide.
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dose-dependency of CORM-3 at 1 or 10 nmol per rat. ICV
administered CORM-3-induced gradual prolongation of ICI
without affecting MVP, suggesting that sustainable release of
CO from CORM-3 may induce the gradual prolongation. In
addition, we examined whether intravenously administered
CORM-3 had effects on ICI to determine whether ICI prolon-
gation evoked by ICV-administered CORM-3 was a central
or peripheral effect due to the transfer of ICV-administered
CORM-3 to the systemic circulation. Intravenously adminis-
tered CORM-3 at 10 nmol per rat, the same dose that
induced ICI prolongation after ICV administration, had no
effect on ICI. These results indicate that ICV-administered
CORM-3 centrally suppressed the rat micturition reflex.

FIGURE 3 A representative in vivo continuous

cystometry trace. ZnPP (30 nmol/rat) was

administered through intracerebroventricularly

injection. The arrow indicates the timing of ZnPP

injection.

FIGURE 4 Effects of centrally administered ZnPP on urodynamic parameters, intercontraction interval (ICI) (a) and maximal voiding pressure (MVP) (b), of continu-

ous cystometry. Data were calculated as a ratio of baseline values during the �30 to 0 min period before central administration of ZnPP (10 or 30 nmol/rat, intra-

cerebroventricularly [ICV]) or vehicle (1% DMF in saline, 5 lL/rat, ICV). Values are means � standard error of the mean. *p < 0.05, when compared to ANOVA,

followed by post hoc analysis of the Vehicle group using the Bonferroni method. The number of animals per group is shown in parentheses.

TABLE 4 Baseline values of VV, RV, BC and VE during the �30 to 0 min

period in rats of Table 5.

VV (mL) RV (mL) BC (mL) VE (%)

ZnPP (30 nmol/rat, ICV)

(n = 9)

1.0 � 0.1 0.6 � 0.1 1.6 � 0.2 61.8 � 7.3

Note: Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses. Abbreviations: BC, bladder

capacity; ICV, intracerebroventricularly; RV, post-voided residual volume;

VE, voiding efficiency; VV, single-voided volume.

TABLE 5 Effects of centrally administered ZnPP on urodynamic

parameters of single cystometry.

Before ICV (%) After ICV 0–30 min (%)

VV 100.0 � 0.0 84.0 � 6.8*

RV 100.0 � 0.0 84.0 � 9.8

BC 100.0 � 0.0 85.3 � 6.6*

VE 100.0 � 0.0 100.8 � 4.0

Note: Data are calculated as a ratio of baseline values before central

administration of ZnPP (30 nmol/rat, ICV) (n = 9). Values are mean-

s � standard error of the mean. Abbreviations: BC, bladder capacity;

ICV, intracerebroventricularly; RV, post-voided residual volume; VE, void-

ing efficiency; VV, single-voided volume. *p < 0.05, when compared to

“Before ICV” using paired t-test.

TABLE 6 Baseline values of ICI during the �30 to 0 min period in rats of

Figure 5.

ICI (s)

Vehicle (saline, 10 lL/rat, ICV) + ZnPP (30 nmol/rat, ICV)

(n = 7)

292.1 � 36.0

CORM-3 (10 nmol/rat, ICV) + ZnPP (30 nmol/rat, ICV)

(n = 7)

325.4 � 41.4

Note: Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses. Abbreviations: ICI, inter-

contraction interval; ICV, intracerebroventricularly.
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Subsequently, we used ZnPP (non-selective HO inhibitor)
to examine how inhibition of HO-mediated CO production
affected the micturition reflex. Endogenous CO is formed
during degradation of heme to biliverdin by HO in the body.2

In the rat brain, HO-1 and HO-2 are expressed predomi-
nantly. ZnPP primarily inhibits HO-1 competitively but has
also been reported to inhibit HO-2.22 In this study, ICV
administered ZnPP induced ICI shortening without affecting
MVP. In addition, we examined whether intravenously
administered ZnPP had effects on ICI to determine whether
ICI shortening evoked by ICV-administered ZnPP was a cen-
tral or peripheral effect due to the transfer of
ICV-administered ZnPP to the systemic circulation. Intrave-
nously administered ZnPP at 30 nmol/rat, the same dose that
induced ICI shortening after ICV administration, had no
effect on ICI. These results indicate that ICV-administered
ZnPP centrally facilitated the rat micturition reflex.

ICI can be shortened via not only facilitation of the mictu-
rition reflex but also increment of residual urine volume.
Therefore, we performed single cystometry to evaluate RV.

ICV-administered ZnPP reduced VV and BC without chang-
ing RV or VE. Based on these results, the ZnPP-induced ICI
shortening was due to promotion of the micturition reflex,
but not due to increased RV. Since ICV-administered ZnPP
did not affect MVP, RV, or VE, parameters of bladder effer-
ent activity, suppression of CO production by ZnPP may not
excite the efferent pathway from the PMC. On the other
hand, since ZnPP induced ICI shortening and reductions in
VV and BC, ZnPP-mediated suppression of CO production
attenuated the inhibitory control from cerebral level to the
PMC. From our results, it is presumed that the micturition
reflex was promoted by ICV-administered ZnPP. Taken
together, ZnPP-mediated inhibition of brain HO may promote
the micturition reflex through reduction in brain CO
production.

Since ZnPP is a non-selective HO inhibitor,22 we could
not rule out the possibility that it acted on groups of enzymes
other than the CO biosynthetic enzymes to promote the mic-
turition reflex. Therefore, we examined the effect of CO sup-
plementation in the brain on the ICV-administered
ZnPP-induced ICI shortening. The ZnPP-induced response
was suppressed by ICV-pretreated CORM-3. These results
indicate a possibility that supplementation of brain CO by
central CORM-3 pretreatment canceled the ICV-administered
ZnPP-induced ICI shortening, suggesting that brain endoge-
nous CO might play a suppressive role in regulation of the
rat micturition reflex.

CO has been recognized as a neuromodulator that regulates
vascular tone in response to glutamate23 and effects on the
hypothalamic supraoptic nucleus neuronal activity via GABA
signaling.24 The GABA is known as a central neurotransmit-
ter involved in urinary suppression.14 In fact, central adminis-
tration of muscimol (GABAA receptor agonist) and baclofen
(GABAB receptor agonist) suppressed the micturition
reflex.25,26 Therefore, we investigated the effect of
ICV-pretreated SR95531 (GABAA receptor antagonist) or

FIGURE 5 Effects of central pretreatment with CORM-3 on ZnPP-induced intercontraction interval (ICI) shortening. Data were calculated as a ratio to baseline

values during the �30 to 0 min period before central administration of ZnPP. CORM-3 (10 nmol/rat) was intracerebroventricularly (ICV) administrated 30 min

before the central administration of ZnPP (30 nmol/rat, ICV). Values are means � standard error of the mean. *p < 0.05, when compared to an unpaired Stu-

dent’s t-test to the Vehicle + ZnPP group. The number of animals per group is shown in parentheses. #p < 0.05, when values were compared with ANOVA fol-

lowed by post hoc analysis with the Bonferroni method to values prior to Vehicle + ZnPP administration (�30 to 0 min).

TABLE 7 Baseline values of ICI during the �30 to 0 min period in rats of

Figure 6.

ICI (s)

Vehicle (saline, 10 lL/rat, ICV) + CORM-3 (10 nmol/rat,

ICV) (n = 6)

271.6 � 15.8

SR95531 (0.1 nmol/rat, ICV) + CORM-3 (10 nmol/rat, ICV)

(n = 6)

338.0 � 35.8

SCH50911 (0.1 nmol/rat, ICV) + CORM-3 (10 nmol/rat, ICV)

(n = 6)

310.5 � 51.9

Note: Values are means � standard error of the mean. The number of

animals per group is indicated in parentheses. Abbreviations: ICI, inter-

contraction interval; ICV, intracerebroventricularly.
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SCH50911 (GABAB receptor antagonist) on the
ICV-administered CORM-3-induced ICI prolongation. We
previously reported that SR95531 or SCH50911 at 0.1 nmol
per rat showed no effect on ICI by itself,27 while preliminary
confirmed that each antagonist affected the micturition reflex
by itself at a higher dose (0.3 nmol per rat). Therefore, pre-
treatment with each antagonist at 0.1 nmol per rat by itself
showed no effect on the micturition reflex, indicating that the
pretreatment could partially suppress the GABAergic nervous
system at insufficient levels to change the micturition reflex.
However, each pretreatment suppressed the CORM-3-induced
ICI prolongation, indicating that brain CO inhibits the rat
micturition reflex through both GABA receptors.

There are several limitations to this study. First, we per-
formed experiments under anesthesia of urethane, which may
influence urodynamics and neurotransmission.28,29 Second,
we did not measure the endogenous brain CO levels; there-
fore, we did not show that ICV-administered ZnPP inhibited
the production of endogenous brain CO. Since we injected
ZnPP into the ventricle, we could not determine in which
brain region the ZnPP influenced CO production and inhib-
ited CO-induced suppression of the micturition reflex. There-
fore, it is difficult to determine in which brain region we
should measure CO production. Further studies are necessary
to investigate the specific brain regions that contribute to
endogenous CO-mediated regulation of the micturition reflex
and to develop a method for control of the CO biosynthetic
system in the brain. Furthermore, it is unknown by which
neuronal circuit the produced CO act on the PMC via the
GABAergic nervous system. Gaseous substances differ from
liquid substances in that they easily pass through the cell
membrane, interstitial spaces, and vascular wall by diffusion

and move rapidly. Although this is a great advantage for sig-
nal transmitters, it is difficult to access their in vivo dynamics.
Further research is needed in future regarding the methods
used to regulate CO levels in the brain, which is by endoge-
nously appropriated CO such as regulation of HO-mediated
heme degradation reaction, low-concentration CO inhalation,
or CORM-3 administration.

Currently, there are a lot of elderly peoples with lower uri-
nary tract symptoms (LUTS) including bladder overactivity.30

For these patients, drugs targeting the lower urinary tract such
as the bladder (muscarinic M3 receptors and b3 adrenoceptors)
or the urethra (a1 adrenoceptors) are used, but there are some
cases with insufficient therapeutic effects.14 Especially, patients
with central neurological diseases such as Parkinson’s disease
and stroke have LUTS including frequent urination due to dis-
orders of the PMC, and in these cases, existing drugs targeting
for the lower urinary tract may have poor efficacy.31,32 In
mouse model of transient middle cerebral artery occlusion
(MCAO), inhalation of low doses of CO at the start of reperfu-
sion reduced the infarction volume and improved neurological
survival scores33 and CORM-3 administration by retro-orbital
injection at the start of reperfusion reduced neuroinflammation
and alleviated blood–brain barrier disruption.34 Therefore,
exposure to CO has neuroprotective effects. Considering this
CO property and our finding, brain CO can suppress the mic-
turition reflex, low doses of CO might attenuate neurological
damage and LUTS in patients with stroke.

In summary, brain CO can suppress the rat micturition
reflex through brain GABA receptors. Thus, the brain CO
might be a new therapeutic target for LUTS patients who
cannot obtain sufficient therapeutic effects from conventional
medications.

FIGURE 6 Effects of central pretreatment with SR95531 (a GABAA receptor antagonist, a) or SCH50911 (a GABAB receptor antagonist, b) on CORM-3-induced

intercontraction interval (ICI) prolongation. Data were calculated as a ratio to baseline values during the �30 to 0 min period before central administration of

CORM-3. SR95531 (SR, 0.1 nmol/rat), SCH50911 (SCH, 0.1 nmol/rat), or vehicle (saline, 10 lL/rat) was intracerebroventricularly (ICV) pretreated 30 min before the

central administration of CORM-3 (10 nmol/rat, ICV). The Vehicle + CORM-3 group is the same in (a) and (b). Values are means � standard error of the mean.

*p < 0.05, when compared to an unpaired Student’s t-test to the Vehicle + CORM-3 group. #p < 0.05, when values were compared with ANOVA followed by post

hoc analysis with the Bonferroni method to values prior to CORM-3 administration (�30 to 0 min). The number of animals per group is shown in parentheses.
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Editorial Comment

Editorial Comment on Brain carbon monoxide can suppress the rat micturition reflex
through brain GABA receptors

The authors investigated the role of brain carbon monoxide
(CO) in micturition.1 As an effect on the peripheral, CO
would be a relaxation factor in the urethral smooth
muscle,2 but in central brain, the role of CO remains
uncovered. In this study, the authors administered CO
donor intracerebroventricularly and evaluated urodynamic
parameters in rats. The results suggest that CO inhibits
micturition and that GABA may be involved in the
mechanism.

Even though this study has great impact as the fact that
CO suppresses micturition, elucidating the detailed mecha-
nism is a future challenge. The authors claim that GABA
receptors are deeply involved, but it should be noted that
this experimental method does not fully support the theory.
The possibility of CO acting directly as a neurotransmitter3

or initiating effects on blood vessels4 will need to be
examined. Moreover, it is also expected to confirm the con-
centration of CO in the pathological model and to verify
whether brain CO decrease contributes to frequent
urination.

Verification of the above and the search for ways to con-
trol brain CO concentrations in humans may lead to the
development of novel therapies. The results of this study are
important findings that will serve as the basis for such a
development.
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