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1 Previous studies suggested that nitric oxide (NO) may cause hyperpolarization and relaxation of
canine colonic smooth muscle by both cGMP-dependent and cGMP-independent mechanisms. This
hypothesis was tested using 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one (ODQ), a novel inhibitor of
NO-stimulated guanylate cyclase.

2 In the presence of histamine (30 mM), atropine and indomethacin (both at 1 mM), electrical ®eld
stimulation of intrinsic neurons (EFS; 5 Hz) produced inhibition of phasic contractile activity that is due
to NO synthesis. ODQ caused a concentration-dependent block of this response (10 nM to 10 mM).
3 Inhibitory junction potentials (IJPs) due to NO synthesis were recorded from muscle cells located
near the myenteric border of the circular muscle layer, using intracellular microelectrodes. IJPs were
abolished by ODQ (1 ± 10 mM).
4 EFS (10 ± 20 Hz) produced frequency-dependent inhibition of electrical slow waves recorded from
cells located near the submucosal surface of the circular muscle layer. This inhibition is due to NO
synthesis, and it was abolished by ODQ (1 ± 10 mM).
5 Hyperpolarization and relaxation produced by an NO donor, sodium nitroprusside, were abolished
by ODQ pretreatment (1 ± 10 mM). In contrast, inhibitory responses to 8-Br-cGMP (1 mM) were
una�ected by ODQ.

6 ODQ alone (1 ± 10 mM) had no signi®cant e�ect on spontaneous electrical or phasic contractile
activity. In tissues pre-treated with L-NAME (300 mM), ODQ decreased the amplitude of spontaneous or
histamine-stimulated phasic contractile activity.

7 These results suggest that electrical and mechanical e�ects of endogenously released and exogenously
applied NO in canine colon are largely due to cGMP synthesis by ODQ-sensitive soluble guanylate
cyclase. No evidence to support a direct (cGMP-independent) mechanism of NO action was found. ODQ
also appears to cause a non-speci®c inhibition of muscle contractile activity; however, this e�ect does not
contribute to block of NO-dependent e�ects.
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Introduction

As a result of studies over the last 30 years, it has become clear
that inhibitory neuromuscular transmission to gastrointestinal
smooth (GI) muscle is mediated by a combination of inhibi-
tory transmitters. In most tissues, responses to inhibitory nerve
stimulation represent the summation of responses to multiple
transmitters, and the relative contribution of each can be es-
timated by pharmacological dissection. Evidence has suggested
that ATP, certain peptides (e.g. vasoactive intestinal peptide,
pituitary adenylate cyclase activating peptide) and nitric oxide
(NO) serve as inhibitory neurotransmitters. The circular
muscle of the canine proximal colon is somewhat unique in
that under most experimental conditions inhibitory transmis-
sion is completely abolished by nitric oxide synthase (NOS)
inhibitors. This feature makes the canine colon a useful pre-
paration to study mechanisms of NO-mediated enteric neu-
rotransmission (see Sanders & Ward, 1992; Shuttleworth &
Sanders, 1996).

A commonly described mechanism of NO action is stimu-
lation of soluble guanylate cyclase, which increases intracel-
lular cGMP concentration and leads to phosphorylation of
various cellular targets by G kinase (Moncada et al., 1991;
Bredt & Snyder, 1992; Lincoln & Cornwell, 1993; Garthwaite
& Boulton, 1995a). Several observations indicate that NO
stimulates guanylate cyclase in gastrointestinal smooth mus-
cles: (1) NO and electrical stimulation of intrinsic neurons

increase tissue cGMP levels (Torphy et al., 1986; Ward et al.,
1992a; Chakder & Rattan, 1993; Suthamnatpong et al., 1993),
(2) immunohistochemical methods have shown that NO sti-
mulation increases cGMP levels in smooth muscle cells within
intact muscle preparations (Shuttleworth et al., 1993b), and (3)
NO increases cGMP levels in isolated smooth muscle cells (e.g.
Jin et al., 1993). Pharmacological evidence that cGMP med-
iates the actions of NO in gastrointestinal smooth muscle in-
cludes: (1) membrane-permeable cGMP analogues mimic the
actions of NO, causing membrane hyperpolarization, inhibi-
tion of phasic electrical activity and inhibition of contractions
(Barnette et al., 1989; Ward et al., 1992a), (2) membrane-
permeable cGMP analogues activate at least three types of K+

channels in isolated myocytes, and current via these channels
could mediate the hyperpolarization and inhibition of electri-
cal activity observed in intact muscles (Thornbury et al., 1991;
Koh et al., 1995), and (3) an inhibitor of cGMP-selective
phosphodiesterase (zaprinast) caused hyperpolarization and
prolonged NO-dependent inhibitory junction potentials (IJPs)
due to release of NO from enteric neurons (Ward et al., 1992a).

Although this evidence is consistent with a major role for
cGMP as a second messenger mediating NO-dependent re-
sponses, it is possible that a portion of the inhibitory responses
could be due to additional mechanisms. This hypothesis is
particularly important in light of recent reports that NO can
directly activate K+ channels in smooth muscles (Bolotina et
al., 1994; Koh et al., 1995).

Previous studies have reported that inhibitors of soluble
guanylate cyclase antagonize e�ects of neuronally-released NO1Author for correspondence.
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in gastrointestinal smooth muscle (e.g. Conklin & Du, 1992;
Huizinga et al., 1992; Meulemans et al., 1993; Yano et al.,
1995; Rae & Muir, 1996). However, until recently, available
agents which block soluble guanylate cyclase are either inef-
fective in GI smooth muscle or have signi®cant non-speci®c
actions which complicate their use. For example, the putative
GC inhibitor LY83583 generates superoxide, breaks down NO
and inhibits NO release (Mulsch et al., 1988; Barbier & Le-
fevre, 1992). Methylene blue is not a potent guanylate cyclase
inhibitor, and has also been shown to inhibit NOS activity
(Mayer et al., 1993; Luo et al., 1995). Methylene blue also
causes a non-speci®c depolarization of canine colonic smooth
muscle cells located at the submucosal border of the circular
muscle layer, possibly due to blockade of K+ channels (San-
ders et al., 1989; Liu et al., 1993). Despite this problem, me-
thylene blue has been tested on NO-dependent responses in
canine proximal colon. Methylene blue did not block IJPs
generated by release of NO from enteric neurons (Ward et al.,
1992a), but it caused a slowly developing, partial inhibition of
the inhibitory e�ect of NO on phasic contractions (Huizinga et
al., 1992).

1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one (ODQ) was
recently identi®ed as a potent and selective inhibitor of NO-
stimulated soluble guanylate cyclase (Garthwaite et al., 1995b).
Unlike methylene blue and LY83583, this agent does not in-
hibit NOS activity, or generate superoxide radical. ODQ
(1 nM± 1 mM) has been shown to block nerve-mediated re-
laxations of rabbit anococcygeus (Cellek et al., 1996) and at
1 ± 10 mM, ODQ was reported to inhibit EDRF-stimulated
relaxation of bovine pulmonary artery (Brunner et al., 1996).
Young et al. (1996) showed that ODQ blocked actions of SNP
and partially antagonized NO-dependent responses to nerve
stimulation in mouse caecum longitudinal muscle, suggesting
that neuronally-released NO could act in part by cGMP-in-
dependent mechanisms. In the present study, we have investi-
gated the e�ects of ODQ on electrical and mechanical
responses of canine colonic muscles to enteric nerve stimula-
tion and exogenous NO donors to attempt to dissect the role of
cGMP-dependent and -independent mechanisms in this tissue.

Methods

Mongrel dogs of either sex were obtained from vendors li-
censed by the U.S. Department of Agriculture. The use of dogs
for these experiments was approved by the Institutional Ani-
mal Care and Use Committee. The animals were sacri®ced
with pentobarbitone sodium (100 mg kg71). The abdomen was
opened and a segment of proximal colon 6 ± 14 cm from the
ileocaecal sphincter was removed. The colon was opened along
the mesenteric border, washed of remaining fecal material, and
pinned out in a dissecting dish containing oxygenated Krebs-
Ringer bicarbonate (KRB) solution.

Mechanical experiments

Strips of muscle (approximately 161061.3 mm) were cut
parallel to the circular muscle ®bers and the mucosa was re-
moved. These strips were attached to strain gauges (UFI 1030)
and maintained in Krebs-bicarbonate bu�er (KRB) at 378C.
Voltage outputs from the strain gauges were digitized and re-
corded using a computer-based acquisition system (Biopac
MP100A, Biopac Systems, CA, U.S.A.). Records were dis-
played and analysed using Acknowledge software (v 3.2, Bio-
pac Systems, CA, U.S.A.). A resting force of 1 g was applied to
the strips before equilibrating for 90 ± 120 min. Histamine
(30 mM) was applied at 20 min intervals until stable responses,
consisting of large amplitude phasic contractions (see Figures
1, 4), were observed. In order to emphasize nerve-mediated
relaxations, the KRB in all experiments contained atropine
(1 mM), and enteric inhibitory responses and responses to
exogenous NO were elicited during stimulation with histamine
(30 mM). Electrical ®eld stimulation (EFS; 1 min trains of

0.5 ms duration pulses were delivered at 5 Hz, 15 V from a
Grass S44 stimulator via platinum ring electrodes. Under these
conditions, EFS produced tetrodotoxin-sensitive inhibition of
phasic contractions during the period of stimulation. Con-
tractile activity was assessed by calculating the area between
the trace and a baseline corresponding to complete relaxation
of the muscle strip. The baseline corresponding to complete
relaxation was determined as the minimum level of tone of the
preparation prior to the addition of histamine. This was veri-
®ed as representing complete relaxation in preliminary ex-
periments using a supramaximal concentration of sodium
nitroprusside (SNP; 10 mM) in the absence of ODQ. The ef-
fectiveness of nerve stimulation was calculated by comparing
the response during the 1 min recording period with contrac-
tile activity recorded 1 min prior to stimulation.
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Figure 1 ODQ blocked NO-dependent inhibitory neurotransmis-
sion. (a) E�ects of electrical ®eld stimulation (EFS) on phasic
contractile activity enhanced by histamine. The left traces are control
responses to EFS (5 Hz; indicated by black bars). Phasic contractile
activity was abolished during the stimulus. The response depended on
NO synthesis, as it was blocked by L-NAME (300 mM; trace at top
right). ODQ (1 mM, trace at bottom right) also blocked the inhibitory
e�ects of EFS. L-NAME and ODQ were tested in muscles of several
animals. (b) Summary of normalized data from eight experiments
testing the e�ects of ODQ on EFS-stimulated inhibition of phasic
contractile activity over a range of concentrations.
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Intracellular electrical recording

Strips of muscle were pinned to the ¯oor of an electrophysio-
logical chamber and constantly perfused with warmed, oxy-
genated KRB maintained at 378C. Muscle strips were allowed
to equilibrate for 90 ± 120 min before experiments were begun.
Cells within the circular muscle layer were impaled with glass
microelectrodes ®lled with 3 M KCl and having resistances of
30 ± 50 M Ohm. Impalements were accepted based on pre-
viously discussed criteria (Sanders & Smith, 1986). EFS was
applied from a Grass S88 stimulator via platinum wire elec-
trodes placed on each side of the preparation. Membrane po-
tential was measured with a high input impedance electrometer
(WPI S-7100) and outputs were displayed on an oscilloscope
(Tektronix 5111A). Analogue electrical signals were recorded
on magnetic tape (Hewlett Packard 3964A) and reproduced on
chart paper (Gould 2200). Analogue signals were also digitized
and recorded using a computer-based system (Biopac Systems)
as described above for mechanical data.

Circular smooth muscle cells located nearest to the longi-
tudinal muscle layer typically have resting potentials of about
745 mV (Smith et al., 1987). Cells in this region of the circular
muscle layer responded to ®eld stimulation of enteric inhibi-
tory neurons with large transient hyperpolarizations, referred
to as inhibitory junction potentials (IJPs). The e�ects of drugs
on IJPs was analysed by comparing IJP area, calculated as the
area between the trace and a baseline corresponding to resting
membrane potential.

Circular smooth muscle cells located near the submucosal
surface of the circular muscle layer have more negative resting
potentials (approximately 780 mV) and display regular
spontaneous electrical slow waves in the absence of external
stimulation (Smith et al., 1987). In this region, stimulation of
inhibitory neurons causes a small degree of hyperpolarization
and reduces the amplitude and duration of the slow waves
(Ward et al., 1992b). Atropine (1 mM) was present throughout
all electrophysiological experiments.

In all experiments, responses to nerve stimulation were
calculated from digitized records using Acknowledge data
analysis software (Biopac Systems, CA, U.S.A.). All data are
expressed as mean+s.e.mean and signi®cance of di�erence
between groups was determined using Student's t tests.

Solutions and drugs

The Krebs-bicarbonate bu�er (KRB) contained (in mM) NaCl
120.35, KCl 5.9, CaCl2 2.5, MgCl2 1.2, NaHCO3 15.5,
NaH2PO4 1.2, dextrose 11.5. This solution had a pH of 7.4 at
378C when bubbled to equilibrium with 97% O2/3% CO2. 1H-
[1,2,4]Oxadiazolo[4,3-a]quinoxaline-1-one (ODQ) was ob-
tained from Tocris Cookson Co. (MO, U.S.A.). L-arginine,
L-NG-nitroarginine methyl ester (L-NAME), L-Nitroarginine
(L-NNA), atropine sulphate, histamine dihydrochloride, nife-
dipine were all obtained from Sigma Chemical Co. (MO,
U.S.A.).

Results

Responses to neuronal release of NO

Strips of canine proximal colon circular muscle often show
spontaneous phasic contractile activity, and the amplitude of
this activity can be enhanced by excitatory agonists to serve as
a background upon which to investigate inhibitory agonists
and neurotransmission. With contractions enhanced by hista-
mine (30 mM), electrical ®eld stimulation (5 Hz, 0.5 ms, 1 min)
inhibited phasic contractile activity. This response appeared to
be due to neuronal release of NO as it was blocked by TTX
(1 mM) and inhibitors of NO synthesis (i.e. L-NAME, 300 mM),
as shown previously (Huizinga et al., 1992, Shuttleworth et al.,
1993a). Pre-treatment of muscles with ODQ (1 nM to 10 mM)
had no signi®cant e�ect on histamine-stimulated contractions

(see below) and caused a concentration-dependent antagonism
of the inhibitory responses to EFS (Figure 1). ODQ abolished
inhibitory e�ects of EFS and revealed a mean increase in
phasic contractile activity during nerve stimulation
(20.3+19.7% and 65.1+34.5% increase in phasic contractions
by EFS compared to pre-stimulus contractions with 1 and
10 mM ODQ, respectively, P50.01, n=8 for both). Figure 1b
shows a summary of data from these eight experiments nor-
malized against the maximal response to EFS observed in each
strip. This data was used to calculate an apparent EC50 of
0.26+9.3 mM (n=8) for the e�ects of ODQ on responses to
EFS under these conditions.

We also studied the e�ects of ODQ on inhibitory junction
potentials (IJPs) recorded from circular muscle layer near the
border with the myenteric plexus. Previous work has shown
IJPs recorded from this region are NO-dependent and reduced
or abolished by L-NAME (Dalziel et al., 1991). In the present
study, EFS (single pulses 0.2 ms, 10 V, delivered at 0.03 Hz)
produced IJPs with mean amplitude 20+2 mV from a mean
resting potential of 748+1 mV (n=7). ODQ virtually abol-
ished IJPs (to 3.0+0.6% and 1.9+0.8% of control values with
1 and 10 mM ODQ, respectively, P50.01, n=7 (Figure 2b)
without having any signi®cant e�ect on resting membrane
potential (RMP;748+1 mV and750+2 mV in control and
ODQ, respectively, P=0.23, Ns, n=7).

Responses to neuronal release of NO were also assessed in
intracellular recordings of slow waves from cells located near
the submucosal border of the circular muscle layer. In the
presence of atropine, EFS (10 pulses delivered at 1 ± 20 Hz)
produced a frequency-dependent inhibition of slow wave
duration that, in two of eight experiments, was followed by a
`rebound' excitation manifest as a slow wave of greatly in-
creased duration (Ward et al., 1992b). NOS inhibitors blocked
nerve-stimulation inhibition and reveal a small, frequency-de-
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Figure 2 ODQ blocked inhibitory junction potentials (IJPs). (a)
Continuous microelectrode recording from a smooth muscle cell near
the myenteric border of the circular muscle layer. Single pulses of
EFS were applied repetitively throughout the trace (at 0.03 Hz). Each
pulse produced a large, transient hyperpolarization (IJP). Addition of
ODQ (1 mM added at arrow), while maintaining the impalement,
virtually abolished the IJPs. (b) Summary data from eight
experiments in which the e�ects of 1 mM and 10 mM ODQ were
tested sequentially on IJPs. IJPs were almost blocked by 1 mM ODQ
and 10 mM ODQ had no signi®cant additional e�ect.
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pendent excitation during the stimulus which is related to the
release of non-cholinergic excitatory transmitter(s) (Shuttle-
worth et al., 1993a). ODQ had no e�ect on unstimulated slow
waves (1 mM, Table 1) but blocked EFS-evoked inhibition of
electrical slow waves and unmasked a small degree of excita-
tion during EFS at higher frequencies (18.8+7.5% excitation
with ODQ 1 mM vs 57.4+3.9% inhibition in control, 10 pulses
at 10 Hz, P50.01, n=8, Figure 3). Rebound excitation after
EFS-induced inhibition of slow wave activity occurred in two
of eight experiments, and this rebound was abolished by ODQ
1 mM.

Responses to sodium nitroprusside

As previously reported (e.g. Shuttleworth et al., 1995), SNP
produced concentration-dependent inhibition of phasic con-
tractile activity of circular muscle strips. Under control con-
ditions, SNP (300 nM) reduced contractions by 46.5+7.4%.
ODQ (1 ± 10 mM) abolished the e�ects of SNP on contractile
activity (72.9+5.9% and 0.5+8.5% inhibition of contractile
activity, P50.01 and P50.05 for 1 and 10 mM ODQ, respec-
tively, n=7; Figure 4). ODQ also antagonized e�ects of the
exogenous SNP on electrical activity recorded from cells near
the myenteric border of the circular muscle layer. The hyper-
polarization response to SNP (1 mM) was reduced from
18+2 mV to 3+1 mV (P50.01, n=5; Figure 5).

Responses to 8-Br-cGMP

Electrical and mechanical responses to NO can be mimicked
by membrane permeable analogues of cGMP (Ward et al.,
1992a). In the present study 8-Br-cGMP produced sustained
inhibition of histamine-stimulated contractile activity, and
these e�ects were not reduced by ODQ (i.e. 86.6+6.6% re-
duction of phasic contractions under control conditions and
88.6+2.4% reduction in the presence of 10 mM ODQ). In a
series of intracellular recordings from cells near the myenteric
border of the circular muscle, 8-Br-cGMP (1 mM) induced
hyperpolarization averaging 18+3 mV. This response was not
a�ected by ODQ (i.e. 18+2 mV of hyperpolarization in the
presence of ODQ, 1 mM, P40.05, n=3; Figure 5).

E�ects of ODQ on spontaneous myogenic activity

Previous studies have provided evidence to suggest that basal
release of NO exerts a tonic inhibitory in¯uence on the cir-
cular muscle of the canine proximal colon. Part of the evi-
dence comes from the observation that L-NAME exposure
increases the amplitude of spontaneous and histamine-
induced contractions (Ward et al., 1992a; Keef et al., 1994,
1997). In contrast to the actions of L-NAME, ODQ did not
increase the amplitude of spontaneous and histamine-stimu-
lated phasic contractions. In fact, ODQ (10 mM) alone pro-
duced a small (but not statistically signi®cant) reduction in
spontaneous contractions (20.9+8.0% inhibition of control
activity, P=0.13, Ns, n=8) and histamine-stimulated con-
tractions (4.6+13.7% inhibiton of control activity, P=0.71,
Ns, n=9). When these experiments were performed in tissues
pre-treated with L-NAME (300 mM), ODQ produced clear
decreases in the amplitude of spontaneous and histamine-
stimulated contractions. In the presence of L-NAME, ODQ
(10 mM) caused a 70.6+7.5% inhibition of spontaneous
contractile activity (P50.05, n=8) and a 41.5+5.6% inhi-
bition of contractions produced by histamine (30 mM,
P50.01, n=8).

ODQ did not a�ect any measured parameter of sponta-
neous electrical slow waves recorded from the submucosal
border of the circular muscle layer. Furthermore, ODQ had no
e�ect on the duration of slow waves stimulated with the cal-
cium channel agonist Bay K 8644. The mean duration of slow
waves in the presence of Bay K 8644 was 15.1+2.7 s and
16.9+4.4 s in the presence of ODQ (1 mM) and Bay K 8644
(P=0.51, Ns, n=3).
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Figure 3 ODQ blocked EFS-stimulated shortening of slow waves.
(a) Electrical slow waves recorded from a cell near the submucosal
surface of the circular muscle layer. Under control conditions (top
trace), EFS (10 Hz, 1 s, indicated by black bars) applied during the
plateau phase of slow waves resulted in immediate repolarization and
reduction in slow wave duration. In this example, the inhibitory
response was followed by a large `rebound' excitation, characterized
by a slow wave of long duration. ODQ (1 mM), added while
maintaining the same impalement, abolished both the inhibitory
response to EFS, and the rebound excitation. (b) Summary data from
nine similar experiments in which ODQ was tested on responses to a
range of stimuli (i.e. 10 pulses delivered at 1 ± 20 Hz). In control
conditions (*), EFS produced a frequency-dependent inhibition of
slow wave duration. In the presence of ODQ (&; 1 mM) inhibitory
responses to 1 and 2 Hz were almost abolished, and at higher
stimulus frequencies (5 ± 20 Hz) a small increase in slow wave
duration was observed when cGMP-dependent mechanisms were
blocked.

Table 1 Summary of experiments demonstrating that ODQ
(10 mM) had no e�ect on electrical slow wave activity
recorded at the submucosal border of the circular muscle
layer (n=5)

Control ODQ

RMP (mV)
Peak amplitude (mV)
Plateau (mV)
Frequency (events/min)
Duration (s)

782+1
54+1
46+1
4.0+0.3
3.8+0.3

782+1
50+2
46+2
3.8+0.3
3.7+0.4
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Discussion

Nitric oxide (NO) is a key mediator of inhibitory neurotrans-
mission in the canine proximal colon; however, the mechan-
ism(s) by which NO causes hyperpolarization and relaxation of
colonic smooth muscle has been controversial. There is con-
siderable evidence supporting the hypothesis that NO inhibits
GI muscles by stimulation of soluble guanylate cyclase and
elevation of intracellular cGMP. However, a major de®ciency
in testing this hypothesis has been the lack of agents which
e�ectively inhibit guanylate cyclase (see Introduction). In the
present study, we have shown that the guanylate cyclase in-
hibitor (ODQ) blocks the electrical and mechanical actions of
NO. Inhibitory responses to neuronally-released and exogen-
ously-applied NO were both blocked, while responses to 8-Br-
cGMP were una�ected. In some preparations, NO-dependent
inhibition of electrical slow waves was followed by a rebound
excitatory event. ODQ blocked both inhibitory and excitatory
phases of this response, consistent with previous suggestions
that this rebound excitation is dependent on NO synthesis and
action (see Ward et al., 1992b).

In previous studies to test the involvement of cGMP in NO-
dependent transmission, investigators have had to rely on the
use of relatively weak guanylate cyclase inhibitors with a
number of confounding non-speci®c actions. Huizinga et al.
(1992) showed that methylene blue partially antagonized NO-
dependent inhibition of contractile activity. This e�ect was ac-
companied by an increase in basal contractile activity which
could be due to removal of basal cGMP synthesis. Unfortu-
nately, in addition to non-speci®c actions on NOS and radical
generation (see Introduction), methylene blue has direct non-
speci®c actions on smooth muscle cells which could complicate
these studies. When electrical slow waves are recorded at the
submucosal border of the circular muscle layer, methylene blue

causes a large, non-speci®c depolarization of smooth muscle
cells which is unrelated to guanylate cyclase inhibition (Sanders
et al., 1989; Ward et al., 1992a, but see also Liu et al., 1993).
Intracellular microelectrode recordings from smooth muscle
cells located near the myenteric border of the circular muscle
suggest that methylene blue does not selectively block the ac-
tions of NO in this tissue. Cells located in this region are already
relatively depolarized (RMP approx 740 mV) and methylene
blue has no e�ect on resting membrane potential, NO-depen-
dent IJPs or hyperpolarization responses to exogenous NO
(Ward et al., 1992a).When taken together with the results of the
present study, this suggests that methylene blue is not an e�ec-
tive inhibitor of guanylate cyclase in the canine proximal colon.

ODQ was e�ective at concentrations similar to those which
abolish NO-stimulated cGMP formation in a variety of other
tissues (Brunner et al., 1995, 1996; Boulton et al., 1995;
Garthwaite et al., 1995; Cellek et al., 1996) and does not share
with methylene blue its non-speci®c depolarization and con-
traction of muscle strips. In contrast, some inhibition of
spontaneous contractile activity was noted in mechanical ex-
periments. This is a noteworthy di�erence between the actions
of ODQ and NOS inhibitors. Previous studies have shown that
L-NAME exposure increases the amplitude of spontaneous and
agonist-stimulated contractile activity and, together with other
evidence, concluded that basal release of NO exerts a tonic
inhibitory in¯uence on colonic circular muscle (Ward et al.,
1992a; Keef et al., 1994, 1997). In contrast, ODQ (10 mM) alone
produced a small (but not statistically signi®cant) reduction in
spontaneous and histamine-stimulated contractions. When
these experiments were performed in tissues pre-treated with L-
NAME (100 mM), ODQ produced clear decreases in the am-
plitude of spontaneous and histamine-stimulated contractions.
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Figure 4 ODQ blocked the mechanical e�ects of an NO donor. The
traces show a series of phasic contractions in the same muscle strip
that were pre-stimulated by histamine (30 mM). L-NAME (300 mM)
was present throughout. Under control conditions (top panel), SNP
(1 mM) produced signi®cant reduction in the force of the phasic
contractions. Addition of ODQ (1 mM) blocked the inhibitory
response to SNP.
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Figure 5 ODQ blocked the electrical e�ects of SNP but not of 8-Br-
cGMP. All traces show microelectrode recordings from cells near the
myenteric border of the circular muscle layer. (a) Under control
conditions, SNP (1 mM) produced a hyperpolarization of resting
membrane potential and initiated a series of rhythmic depolarizations
(see Keef et al. (1997) for explanation of the rhythmic phenomenon
induced by SNP). (b) In the presence of ODQ (1 mM), SNP had no
signi®cant e�ect on resting membrane potential. (c) In the presence of
ODQ the membrane permeable cGMP analogue (8-Br-cGMP) still
evoked a large hyperpolarization.
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This observation, combined with the results described above,
suggests that ODQ may have two e�ects on spontaneous me-
chanical activity: (1) an excitatory e�ect resulting from block of
actions of basally-released NO, and (2) a direct inhibitory e�ect
of ODQ on smooth muscle excitability. The excitatory action of
ODQ can be removed by pre-treating the tissue with L-NAME
to reduce basal NO-stimulated cGMP levels in the muscle,
thereby unmasking an inhibitory e�ect of ODQ on contractile
force. The mechanism of the inhibitory action is currently un-
known, but the fact that ODQ did not a�ect parameters of
electrical slow waves raises the possibility that ODQ may have
non-speci®c e�ects on excitation-contraction coupling.

It was recently reported that ODQ blocks NO-dependent
inhibitory transmission in rabbit anococcygeus muscle (Cellek
et al., 1996). Interestingly, these authors noted that ODQ alone
produced an increase of approximately 10% in the basal tone
of anococcygeus strips. This suggests that the nature of direct
e�ects of ODQ on smooth muscle contractility may be de-
pendent on the tissue or species tested. In longitudinal muscle

of the mouse caecum, ODQ abolished responses to NO do-
nors, and reduced responses to neuronally-released NO, but it
was noted that ODQ was signi®cantly less e�ective than L-
NMMA (Young et al., 1996). This contrasts with our results in
canine colon, where ODQ was more e�ective than L-NAME
and suggests that there may also be tissue-speci®c di�erences in
the role of cGMP-dependent mechanisms in NO-dependent
neurotransmission.

The IJPs in canine proximal colon could be caused by direct
activation of K+ channels by neuronally-released NO, via an
action independent on cGMP synthesis. NO was found to
activate three classes of K+ channel in isolated colonic myo-
cytes, having conductances of 250 pS (BK channels, 82 pS
(KNO1) and 54 pS (KNO2) (Koh et al., 1995). When tested in
the cell-attached con®guration, NO and cGMP analogues re-
versibly activated all three conductances. Interestingly, KNO1

and KNO2 were activated by NO, but not cGMP analogues in
excised inside-out patches (Koh et al., 1995). It was suggested
that SNP and NO may directly activate K+ channels in excised
patches by a redox modi®cation similar to that proposed for
NO activation of BK channels in coronary smooth muscle
(Bolotina et al., 1994). The hypothesis that IJPs are due to
direct ion channel activation was considered because of: (1) the
rapid time course of the IJP (up to 45 mV s71), and (2) the lack
of e�ect of methylene blue on IJPs (see Discussion in Koh et
al., 1995). The fact that IJPs are abolished by ODQ suggests
that IJPs are primarily due to cGMP-dependent mechanisms,
and the increase in cGMP caused by NO is su�ciently rapid to
produce events with a rise time of 45 mV s71. It is possible that
redox modi®cation of channel proteins is a non-physiological
phenomenon, caused only by high concentrations of NO used
in patch clamp studies. One caveat to this conclusion is the
possibility that ODQ could directly inhibit the K+ conduc-
tance(s) activated by NO. This possibility has not been directly
tested, but it seems very unlikely because: (1) these channels
are also activated by 8-Br-cGMP (Koh et al., 1995); and (2)
ODQ did not in¯uence the hyperpolarization response to 8-Br-
cGMP. Thus, it is unlikely that ODQ blocks the ion channels
responsible for NO- and cGMP-dependent hyperpolarization.

Speci®c blockers of BK channels do not block IJPs, sug-
gesting that these events are mediated by cGMP-dependent
stimulated openings of K+ channels with conductances of
82 pS and 54 pS (Koh et al., 1995), or other as yet undis-
covered cGMP-dependent conductances. Activation of K+

channels would lead to hyperpolarization, and the subsequent
inhibition of Ca2+-in¯ux would lead to relaxation. Relaxation
could also be mediated by a G-kinase mediated decrease in
Ca2+ current, or factors independent on membrane potential.
For instance, cGMP-dependent mechanisms increase Ca2+

uptake in vascular smooth muscle cells (Lincoln & Cornwell,
1993) and decrease the Ca2+ sensitivity of the contractile ap-
paratus in vascular smooth muscles (Nishimura & van Bree-
men, 1989).

In conclusion, the use of a blocker of the guanylate cyclase
activated by NO suggests that most, if not all, NO-dependent
inhibitory transmission in the circular muscle of the canine
colon is mediated by cGMP. No evidence for direct (cGMP-
independent) inhibition was found.
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Figure 6 Spontaneous contractions were increased by L-NAME and
decreased by ODQ. (a) L-NAME (300 mM) produced a sustained
increase in the amplitude of spontaneous contractions in a circular
muscle strip. This response is consistent with the hypothesis that
muscle contractility is normally inhibited by basal release of NO (see
Keef et al., 1997). (b) In contrast, ODQ (10 mM) caused a decrease in
the amplitude of spontaneous contractions. (c) The inhibitory e�ect
of ODQ was more clearly seen when tissues were pre-treated with L-
NAME (300 mM).
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