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Nitric oxide (NO) and carbon monoxide (CO) seem to be neuro-
transmitters in the brain. The colocalization of their respective
biosynthetic enzymes, neuronal NO synthase (nNOS) and heme
oxygenase-2 (HO2), in enteric neurons and altered intestinal func-
tion in mice with genomic deletion of the enzymes (nNOS*/2 and
HO2A/4) suggest neurotransmitter roles for NO and CO in the
enteric nervous system. We now establish that NO and CO are both
neurotransmitters that interact as cotransmitters. Small intestinal
smooth muscle cells from nNOS2/A and HO22/A mice are depolar-
ized, with apparent additive effects in the double knockouts
(HO22/A/nNOSA/A). Muscle relaxation and inhibitory neurotrans-
mission are reduced in the mutant mice. In HO24/A preparations,
responses to electrical field stimulation are nearly abolished de-
spite persistent nNOS expression, whereas exogenous CO restores
normal responses, indicating that the NO system does not function
in the absence of CO generation.

N itric oxide (NO) is a neurotransmitter in the central,
peripheral, and enteric nervous systems (ENS; refs. 1-3). In
the ENS, NO is produced in enteric neurons by neuronal NO
synthase (nNOS) and acts as a intercellular inhibitory neuro-
transmitter by diffusing from neurons to adjacent smooth muscle
cells where it activates soluble guanylate cyclase, resulting in
smooth muscle relaxation. Carbon monoxide (CO) has been
postulated to be a second gaseous neurotransmitter (4, 5). CO
is produced together with ferrous iron and bilirubin by the action
of heme oxygenase, in collaboration with cytochrome P450
reductase and biliverdin reductase (6). Like NOS, heme oxy-
genase occurs in inducible and constitutive isoforms; heme
oxygenase-1 (HOL1) is highly inducible and is involved in cellular
responses to stress (6, 7), whereas heme oxygenase-2 (HO2) is
constitutively expressed (6) and discretely localized to neurons in
the brain (4), enteric neurons (8-11), and interstitial cells of
Cajal (ICC) in the mouse intestine (12). Because nNOS and HO2
are colocalized in some enteric neurons, NO and CO may
function as coneurotransmitters (8, 13-15). Several studies show
that CO can modulate important physiologic functions. Thus,
exogenous CO modulates the release of hypothalamic hormones
(16, 17), regulates vascular tone (18), and is a protective factor
in hypoxia (19). In the intestine, CO relaxes the opossum internal
anus sphincter (20) and hyperpolarizes isolated human and
canine jejunal circular smooth muscle cells (10, 21). These
previous investigations have relied on nonspecific inhibitors of
heme oxygenase (22) or the application of exogenous CO. Thus,
these studies do not provide direct evidence for CO as an
endogenously produced neurotransmitter. Recently, we found
attenuated intestinal smooth muscle relaxation and delayed
intestinal transit in mice genetically deficient in HO2, suggesting
that CO may be produced endogenously as an enteric neuro-
transmitter (8).

In the present study, we employ mice with targeted genomic
deletions of HO2 (HO2*/%), nNOS (nNOS*/*), or both (HO2*/
A/nNOS/*) to evaluate the physiologic roles of CO and NO in
gastrointestinal neuromuscular transmission. We report that the
resting membrane potential (RMP) of gastrointestinal smooth
muscle cells is significantly depolarized in HO2%/2, nNOS»/A,
and HO2%/2/nNOS*/A mice and that mechanical and electrical
responses to nerve stimulation in these mutant mice are sub-
stantially attenuated. Our results show that CO is an inhibitory
neurotransmitter and indicate that CO and NO collaborate as
cotransmitters to mediate intestinal inhibitory neurotransmis-
sion.

Materials and Methods

Solutions and Drugs. Krebs’ solution was freshly prepared daily
and had the following ionic composition (in mM): Na* 127.4, K*
5.9, Ca?* 2.5, Mg?* 1.2, C1~ 134, HCO;~ 15.5, H,PO,~ 1.2, and
glucose 11.5. The solution was continuously bubbled with 97%
oxygen, 3% CO, and maintained at pH 7.4. Atropine (1 mM),
propranolol (1 mM), and phentolamine (1 mM) were present in
all solutions used in this study to block adrenergic and cholin-
ergic neurotransmission. Unless otherwise indicated, all chem-
icals were obtained from Sigma. CO was obtained from Scott
Specialty Gasses (Troy, MI).

Animals and Initial Dissection of Jejunal Smooth Muscle Specimens.
Adult male 129SVEV (wild-type) mice from The Jackson Lab-
oratory and HO2%/A, nNOS*/2, and HO22/2/nNOSA/A mice
were killed at 6-8 weeks of age with CO, gas with the prior
approval of the Mayo Animal Care and Use Committee. After
the abdomen was opened, a segment of jejunum approximately
10 cm distal to the pylorus was removed and placed in preoxy-
genated Krebs’ solution. The jejunal segments were opened
along their anti-mesenteric borders and transferred to fresh
oxygenated Krebs’ solution. The mucosal layer was removed
under direct vision by using a binocular microscope, and full
thickness muscle strips (0.5 mm X 0.2 mm) were prepared, with
the long axis cut parallel to the circular muscle layer for
subsequent use in immunostaining, histochemical staining, or
physiologic recordings (described below). For immunochemical
or histochemical staining and for electrophysiological studies,
the mucosa was peeled away from the jejunal smooth muscle
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layers of all specimens before further preparation as described
below.

Immunostaining. The mucosa-free dissected muscle layers were
fixed in 4% (vol/vol) paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) by incubation at 4°C for 12 h. Next, tissues were
rinsed with PBS before immunostaining by using antibodies to
c-kit, PGP 9.5, or HO2 or histochemical staining for NADPH-
diaphorase. The antibodies, amounts or titers, and their sources
were as follows: rat monoclonal anti-c-kit (GIBCO; 5 ng/ml),
rabbit polyclonal anti-PGP 9.5 (Biogenesis, Bournemouth, U.K.;
1/400), rabbit polyclonal anti-HO2 (StressGen Biotechnologies,
Victoria, Canada; 1/1,000), and rabbit polyclonal anti-GST-
HO2 (1/1,200). Secondary antibodies (donkey anti-rabbit IgG;
Chemicon; 1/100) were conjugated to Cy2, rhodamine, and Cy5.
NADPH-diaphorase histochemistry was performed either di-
rectly after fixation or after immunohistochemistry for HO2 by
incubating tissues for 15-20 min in 0.1 M Tris (pH 7.4, 24°C)
containing 0.3% Triton X-100, 2 mg/ml nitroblue tetrazolium,
and 1 mg/ml B-NADPH. Staining was analyzed by examining the
tissues with an epifluorescent (Zeiss Axiophot) light and laser
scanning confocal microscopy (Zeiss LSM510).

Electrophysiological Measurements. After initial dissection as de-
scribed above, muscle strips were placed in a recording chamber
with the circular muscle facing upward. One end of the muscle
strip was pinned down to a sylgard-coated (Dow-Corning)
chamber to record intracellular electrical activity, and the other
end was attached to an isometric force transducer to record
contractile activity of the entire muscle strip. The chamber (3-ml
total volume) was perfused with warmed (37°C) and oxygenated
Krebs’ solution at a constant flow rate of 3 ml/min. After an
equilibration period of at least 2 h, the muscle strips were
stretched to an initial tension of 50-100 mg above the baseline
tension. Recordings of intracellular electrical activity from
smooth muscle cells were obtained by using glass capillary
microelectrodes filled with 3 M KCI and with resistances ranging
from 30 to 80 MQ. Intracellularly recorded potentials were
amplified by using a WPI M-707 amplifier (WPI Instruments,
New Haven, CT) and displayed on an oscilloscope (Tektronix
5113). Force was measured isometrically and amplified with a
bridge circuit amplifier. Both electrical signals and mechanical
activity were recorded on chart paper (Gould 220, Gould,
Cleveland) and also on an FM tape recorder (3964A, Hewlett—
Packard). For electrical field stimulation (EFS) of nerves in the
muscle strips, two platinum wires were placed parallel to the long
axis of the preparation and were connected through a square
wave stimulator (Grass 588, Grass Instruments, Quincy, MA)
and a stimulus isolation unit (Grass SIU 5A). In all cases, EFS
was applied as a train of six pulses of 0.35-ms duration, 100 V,
and 30 Hz, for a total duration of 200 ms.

Statistical Analysis. All observed values are expressed as means =+
SEM. The number of cells recorded is designated (n) in the
results or figure legends. Statistical significance was determined
by using paired and nonpaired Student’s ¢ tests. A P value of less
than 0.05 was considered significant.

Results

Myenteric Neurons and ICC Appear Normal in HO22/A, nNOSA/A, and
HO22/A/nNOSA/A Mice. Because loss of certain genes, such as
GDNF, c-kit, and c-ret, leads to failure of enteric neurons or ICC
to migrate and/or develop (23-26), we explored the morphology
and function of the ENS and ICC in mutant mice. We monitored
PGP 9.5 and c-kit expression by immunostaining as markers for
ENS and ICC, respectively. HO2%/2, nNOS*/2, and HO2*/%/
nNOSA/A intestinal preparations stain normally for PGP 9.5 and
c-kit, indicating normal development of enteric neurons and
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Fig. 1. Targeted genomic deletion of HO2 and nNOS results in depolariza-
tion of the RMP of jejunal circular smooth muscle cells. The RMP of smooth
muscle cells from HO22/A, nNOSA/A, HO24/2/nNOSA/4, and wild-type (WT) mice
was determined as described in Materials and Methods. HO2%/A smooth
muscle cells are depolarized compared with wild-type cells with RMPs of
—57.1 = 0.5 mV (n = 115) and —65.4 = 0.4 mV (n = 118; %, P < 0.001),
respectively. nNOS2/2 smooth muscle cells are also depolarized with respect to
wild-type cells with an RMP of —59.2 = 0.7 mV (n = 45; %, P < 0.05).
HO2/A/nNOSA/A cells are even more depolarized with an RMP of —51.8 = 0.7
mV (n = 55; %, P < 0.01). As shown, tetrodotoxin (TTX) had no effect on the
RMP with an RMP of —63.5 + 3 mV (n = 5) in the absence of tetrodotoxin and
of —62.3 = 2 mV (n = 5; P> 0.05) in the presence of tetrodotoxin (500 uM).

intact ICC network (data not shown). NADPH-diaphorase
histochemistry, reflecting nNOS expression, appears normal in
HO22/A mice but is absent in nNOS2/2 and HO22/A/nNOSA/A
intestine. HO2 immunoreactivity is present in a subset of enteric
neurons, with 25-50% of these also staining for NADPH-
diaphorase in wild-type mice. We also observe HO2 but not
NADPH-diaphorase staining in ICC of wild-type mice, consis-
tent with our previous findings (12, 27). HO2 staining is absent
in the HO2*/2 and the HO2%/2/nNOS*/* specimens.

Functional ICC are required for normal electrical slow waves
and smooth muscle contraction (28-30). We recorded phasic
contractions and electrical slow waves in jejunum and observe no
significant abnormalities in HO2%/3, nNOS®/2, or HO2*/%/
nNOS*/* mice, consistent with functionally normal ICC in these
mice.

Jejunal Smooth Muscle Cells Are Depolarized in H022/4, nNOS*/4, and
H022/A/nNOSA/A Mice. We measured the RMP in smooth muscle
cells of the jejunum from wild-type and mutant mice (Fig. 1). In
comparison to wild-type cells, the RMP is depolarized about 8
and 5 mV in HO2%/% and nNOS*/* smooth muscle cells, respec-
tively. Compared with the RMP of wild-type mice, the RMP of
HO2%/A/nNOS*/* mice is depolarized by about 13 mV, reflect-
ing an apparent additive effect of the two genomic deletions.
Thus, HO2 and nNOS seem to be crucial for maintenance of a
normal RMP, and NO and CO formed in ICC or enteric neurons
act together to determine the RMP.

We wondered whether the NO and CO that contribute to
establishing the RMP of the muscle cells are derived from ICC
or enteric neurons. Action potentials of enteric neurons can be
abolished by treatment with tetrodotoxin, which should not
affect ICC. Tetrodotoxin treatment has no influence on jejunal
muscle cell RMP (Fig. 1). This lack of influence suggests that
action potentials of the enteric neurons are not required for
regulation of RMP; thus, CO or NO regulating RMP comes
either from the basal activity of these neurons or from ICC.

Xue et al.
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Fig.2. HO2isrequired for normal inhibitory neurotransmission in intestinal

smooth muscle. (A) Targeted genomic deletion of HOZ2 results in attenuated
mechanical and electrical responses to EFS. Mechanical (Upper traces) and
intracellular electrical (Lower traces) activities were recorded from jejunal
circular smooth muscle cells derived from wild-type (WT) and HO22/2 mice. EFS
(six pulses each of 0.35 ms, 100 V, and 30 Hz) was applied as indicated by the
asterisk (*). Under NANC conditions, EFS elicited a hyperpolarization, an
inhibitory junctional potential (1JP), with an amplitude of 7.4 = 0.4 mV (n = 26
measurements; 17 preparations) in wild-type specimens. Inhibition of electri-
cal slow wave activity and contractile activity follows the EFS-evoked IJP in
wild-type specimens with recovery of activity in 15-25 s. In HO22/A-derived
samples, EFS evokes an initial IJP of only 2.6 = 0.4 mV (n = 110 cells; 22
preparations; P < 0.05) with an attenuation in the reduction of electrical slow
waves. Moreover, EFS did not abolish, but only modestly decreased, contrac-
tile activity in HO24/A-derived muscle strips with a mean decrease in contractile
activity of 12 = 3% (n = 10 preparations). Recovery of contractile activity was
significantly faster than in wild-type specimens, with full recovery in less than
10s. (B) Graph of the most hyperpolarized portion of each electrical slow wave
before, during, and after EFS. The voltage corresponding to the most negative
potential for each electrical slow wave was plotted before, during, and after
EFS. EFS (six pulses each of 0.35 ms, 100 V, and 30 Hz) was given at the time
indicated (see asterisk). The RMP is depolarized in the HO22/2-derived speci-
men compared with the wild type.

Muscle Relaxation and Inhibitory Neurotransmission Are Reduced in
HO22/A, nNOSA/A, and HO2A/A/pnNOSA/A Intestine. We monitored
responses to EFS of jejunal smooth muscle strips by recording
mechanical activity with a force transducer, while simultaneously
monitoring the electrical activity, by whole cell recording, of
individual cells in the muscle strips. The strips were treated with
adrenergic and cholinergic inhibitors (see Materials and Meth-
ods), permitting us to focus on nonadrenergic noncholinergic
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Fig. 3. Targeted genomic deletion of nNOS, HO2, or both genes attenuates
electrical and mechanical responses to EFS. Mechanical (Upper) and electrical
(Lower) response to EFS (*) recorded from jejunal circular smooth muscle cells
from wild-type (WT), nNOS~/4, and HO24/A/nNOSA/A mice. EFS evokes an |JP of
only —0.75 = 0.8 mV in nNOS/A-derived specimens compared with —7.6 = 0.6
mV in wild-type muscles (n = 4; P < 0.05). However, the decrease in slow wave
amplitude was not different between nNOS2/2 and wild-type specimens, with
adecreased amplitude of 45 + 5% and 47 + 3%, respectively (n = 12; P> 0.05).
Both electrical and mechanical inhibitory responses to EFS were nearly abol-
ished in the HO24/2/nNOSA/A-derived samples, and an excitatory electrical
response was unmasked.

110 mV

5 sec

(NANC) inhibitory transmission (Figs. 2 and 3). In wild-type
preparations, EFS leads to hyperpolarization of the membrane
potential, reflected as the IJP, and diminution of muscle con-
tractions. The maximal inhibitory effect occurs with the first slow
wave, with lesser effects evident during the second and third slow
wave (Table 1). The mechanical and electrical responses to EFS
are markedly reduced in HO2%/» preparations (Fig. 24). The
slow wave frequency in mouse intestine is significantly higher
than in other species, tending to obscure the EFS-evoked 1JP.
Accordingly, we graphed the membrane potential reached at the
bottom of each electrical slow wave before, during, and after EFS
to observe the influences of EFS more clearly and to compare
wild-type and mutant mice (Fig. 2B). In nNOS*/* preparations,
a similar reduction in mechanical and electrical response to EFS
is evident (Fig. 3). Deletion of both nNOS and HO?2 leads to a
profound reduction in effects of EFS (Fig. 3). Indeed, in
HO22/5 /nNOS®/A preparations, we observe depolarization of
the membrane potential presumably reflecting the unmasking of
NANC excitatory transmission (Fig. 3).

Exogenous CO Restores NANC Inhibitory Transmission in HO24/4
Jejunal Muscle. HO2 activity gives rise to three products: iron,
biliverdin, which is rapidly reduced to bilirubin, and CO (6). Our
previous study established that CO is most likely the HO2
product that is responsible for enteric neurotransmission (8). To
examine this question directly, we monitored smooth muscle
activity neurophysiologically after administration of CO gas to
intestinal preparations of mutant mice (Fig. 4). We confirm that
EFS-evoked inhibitory neurotransmission and muscle relaxation
are both greatly reduced in HO2%/2 preparations (Fig. 44). After
perfusing muscle strips with 10% CO, EFS-evoked electrical
response is partially restored, whereas muscle relaxation is nearly
normal, mimicking wild-type specimens (Fig. 4B).

In the HO2%/4 preparations, NO production from nNOS in
response to EFS continues, but we detect negligible effects of
EFS. The observed pattern is as if nNOS or NO requires
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Table 1. Targeted genomic deletion of HO2 attenuates the electrical response to EFS

Wild type (n = 12) HO24A (n = 8)

Hyperpolarization, mV

Reduction in amplitude of first slow wave, %
Reduction in amplitude of second slow wave, %
Reduction in amplitude of third slow wave, %

7.6 0.6 2.6 = 1.02:x
47 *33 15 =+ 3.8«
22 *46 1.6 = 1.6x

9.7 x2 0 =0

Targeted genomic deletion of HO2 results in attenuation of electrical response to EFS in jejunal smooth muscle
preparations. The initial hyperpolarization or IJP in response to EFS is only 2.6 mV in HO2~A-derived specimens
compared to 7.6 mV in wild-type samples. In addition, the reduction in the amplitude of the first three electrical
slow waves after EFS is significantly attenuated in the HO2%/2-derived specimens compared to wild-type samples.
The number of independent measurements is indicated by (n), and statistical significance is indicated (+, P < 0.05).

HO2-derived CO for normal function. This notion is supported
by the partial restoration of NANC inhibitory transmission by
CO gas (Fig. 4B), which may allow endogenously produced NO
to mediate inhibitory transmission comparable to wild-type

HO2"

A Wi

-59 mV
HO? A/A  co

B JWMWMM

e AR

, CO, L-NNA
C
-61 mV
H02 /nNOS CO
D {100 mg
-53 mV b [10 mVv
EFS 5 sec
Fig. 4. Exogenous CO restores NANC inhibitory transmission in HO2A/A

jejunal smooth muscles. Mechanical and electrical responses to EFS were
monitored in HO2%/2 and HO24/2/nNOSA/A-derived jejunal smooth muscles as
indicated. In some cases (B-D), the perfusing buffer was treated with CO (10%
vol/vol) for 10 min before the experiment. In one case (C), the buffer con-
tained L-nitroarginine (L-NNA; 100 uM) for 20 min before EFS. The mean
hyperpolarization evoked by COwas —3.6 = 0.7 mV (n = 5)and —3.0 = 0.6 mV
(n = 8) in wild-type and HO22/A-derived preparations, respectively, indicating
HO2%/A-derived smooth muscle retains the ability to respond to exogenous
CO. (A) EFS evokes only a small IJP and a modest reduction in mechanical
activity from HO2%/A-derived muscles (see also Fig. 2 A and B). (B) After
perfusion with CO, the inhibition of mechanical activity in response to EFS is
restored, although the amplitude of the EFS-evoked 1JP remains small. (C and
D) Interestingly, the increase in EFS-evoked inhibition of contractile-
mechanical activity after CO application is abolished in the presence of 100 uM
L-nitroarginine (C) and is absent in HO22/A/nNOSA/A-derived specimens (D).
Thus, the effect of exogenous CO is not apparent when nNOS is absent
(HO22/A/nNOSA/A muscles) or when NO production is blocked (by treatment
with L-nitroarginine), indicating that CO may require NO for its physiologic
effects.
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preparations. To examine the interaction between NO and CO
further, we treated the HO2%/2 strips with L-nitroarginine for 20
min, followed by exposure to 10% CO for 10 min. The L-
nitroarginine treatment blocks the effects of CO such that less
inhibitory transmission is evident than in the HO2%/* prepara-
tions treated with CO alone (Fig. 4C). We also examined
intestinal preparations of HO2%/2/nNOS*/* mice in the pres-
ence of exogenous CO. The behavior of these muscle strips is
essentially the same as that of the HO2%/2 preparations treated
with L-nitroarginine in addition to CO (Fig. 4D).

Discussion

One of the most striking findings of the present study is that the
RMP of jejunal circular smooth muscle cells is determined by
HO2 and nNOS. Smooth muscle cells are depolarized in HO2%/4
and nNOSA/2, and the HO22/2/nNOS®/A manifest additional
depolarization, reflecting additive effects of the two enzymes.
Do the NO and CO responsible for the RMP derive from enteric
neurons or ICC? Mice with genomic deletion of c-ret lack an
ENS (26, 31), but the RMP of their small intestinal smooth
muscle cells is the same as that of wild-type mice (S. Ward,
personal communication). On the other hand, mice with a
mutation in c-kit (W/W") lack ICC, and their intestinal smooth
muscle cells are depolarized by about 8 mV (23). This level of
depolarization is essentially identical to what we observe in
HO2*/A specimens, suggesting that HO2-derived CO from the
ICC plays a major role in establishing the RMP. How does NO
affect the RMP? Immunohistochemical studies suggest that,
although nNOS is abundant in enteric neurons, it may not be
present in ICC (12, 27). Conceivably, ICC express low levels of
nNOS that were not detected in these studies. Despite the
observations that the loss of the entire ENS does not affect the
smooth muscle RMP, nNOS in enteric neurons may influence
RMP; because loss of the whole ENS results in the loss of many
excitatory and inhibitory enteric neurotransmitters that may
contribute directly or indirectly to the RMP, the effect of the
singular loss of NO may be obscured.

Previously, we found that intestinal relaxation is partially
reduced in HO2*/» and in nNOS*/* mouse ileum (8). We also
found that cGMP levels of ileal muscle strips were reduced in
HO22/2 and nNOS»/% specimens, and depolarization-induced
augmentation of cGMP was also reduced in HO2%/2 and
nNOS*/A mouse ileum (8). The relevance of these findings to
intestinal physiology in the intact organism was established by
our observation that gastrointestinal transit time was prolonged
in HO2%/% and nNOS*/* animals (8). These findings suggest that
both CO and NO are neurotransmitters in the ENS regulating
intestinal motility in mice. Because our earlier study did not
monitor the electrical responses of intestinal smooth muscle cells
to neural input and did not evaluate the smooth muscle RMP, it
was not possible to provide definitive evidence of a neurotrans-
mitter role for CO. In the present study, we have directly
demonstrated that, after EFS, IJPs are reduced in HO2%/2 and

Xue et al.



nNOSA/A muscles, with evidence for an additive effect in the
HO2%/5/nNOSA/A specimens. Taken together with our earlier
findings, these new observations indicate that both CO and NO
are inhibitory neurotransmitters in the ENS.

HO?2 and nNOS have overlapping expression in 25-50% of
myenteric neurons, implying that CO and NO can be produced
by the same neurons (8, 13-15). Our present study provides
insight into the role of CO and NO as coneurotransmitters. Thus,
inhibitory transmission seems to be almost totally abolished in
HO2*/A intestine despite the persistence of nNOS expression
and, presumably, NO production. Perfusion with CO gas par-
tially restores NANC inhibitory transmission to the wild-type
phenotype, strongly suggesting that the nNOS-NO system is not
functional in the absence of HO2 and that CO itself suffices to
restore physiologic effects of NO. CO might sensitize intestinal
smooth muscle cells to the effects of NO. Alternatively, CO may
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enhance nNOS catalytic activity or facilitate NO release from
enteric neurons.

ICC, enteric neurons, and intestinal smooth muscle cells
interact to mediate physiologic inhibitory transmission and
smooth muscle relaxation. Our studies of CO and NO interac-
tions may clarify such relationships. nNOS has not been reliably
demonstrable in ICC, suggesting that the major role of ICC in
regulating muscle RMP involves influences of CO on neuronal
NO as well as potential sensitization of muscle cells to NO. It is
also possible that CO and NO from enteric neurons affect ICC,
perhaps regulating CO production in ICC.
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