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Nerve-induced release of nitric oxide in the rabbit gastrointestinal
tract as measured by in vivo microdialysis
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1 Nitric oxide (NO) has been suggested as a gastrointestinal neurotransmitter, mediating the gastric
receptive relaxation and the relaxation in the peristaltic reflex. The aim of the present study was to
measure nerve-induced NO formation in vivo in the gastrointestinal tract.

2 Formation of the nitric oxide oxidation products nitrite and nitrate during vagal nerve stimulation
were measured in the anaesthetized rabbit. Microdialysis probes were inserted into the wall of the
stomach and proximal colon, and nitrite and nitrate in dialysate measured by capillary electrophoresis.
3 During bilateral vagal nerve stimulation there was an increase in nitrite and nitrate formation at the
level of the stomach and in nitrite formation at the level of the colon. This increase was inhibited by
intravenous administration of the NO synthase inhibitor N®-nitro-L-arginine methyl ester (L-NAME
30 mg kg~"). Furthermore, L-NAME significantly increased nerve-induced gastric and colonic
contractions, as well as spontaneous colonic contractions.

4 In summary, we present a new methodological procedure for quantification of small changes in nitric
oxide formation in vivo. This study provides evidence that nitric oxide is released in the stomach and
colonic wall during vagal nerve activity, at concentrations able to cause inhibition of smooth muscle

contractions in vivo.
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Introduction

A large number of studies have shown that nitric oxide (NO)
functions both as a signalling molecule in endothelial cells and
nerve cells, and as a mediator of host-defence reactions in
activated immune cells (Moncada et al., 1991; Anggard, 1994).
Considerable evidence suggests that NO acts as a mediator of
non-adrenergic non-cholinergic (NANC) autonomic neuro-
transmission (Sanders & Ward, 1992). Release of NO in the
stomach wall is probably responsible for adaptive gastric re-
laxation (Desai et al., 1991), and nerve-induced relaxation
mediated by NO has been demonstrated in the canine ileoco-
lonic junction (Boeckxstaens ez al., 1990), in the guinea-pig
caecum (Shuttleworth et al., 1991), ileum (Gustafsson et al.,
1990) and colon (Iversen et al., 1994b). In addition, im-
munohistochemical studies have shown that nitric oxide syn-
thase (NOS) positive neurones constitute a large proportion of
myenteric nerves (Bredt ez al., 1991; Costa et al., 1992).

An impaired or absent NO formation has been suggested as
the underlying pathophysiological mechanism in achalasia
(Mearin et al., 1993), Hirschprung’s disease (Vanderwinden et
al., 1993), and infantile pyloric stenosis (Vanderwinden et al.,
1992). Excessive NO synthesis in colonic mucosa in ulcerative
colitis might contribute to impaired motility associated with
toxic dilatation (Boughton-Smith et al., 1993).

Increased frequency and amplitude of jejunal spontaneous
contractions, by inhibiting nitric oxide synthase (NOS) with
Ne®-nitro-L-arginine methyl ester (L-NAME) has previously
been demonstrated in an in vivo study (Calignano et al., 1992).
But nerve-induced gastrointestinal NO formation has never
been quantified in vivo.

The aim of the present study was to quantify NO release in
vitro in the stomach wall and colonic wall during vagal nerve
stimulation, and to study its effects on gastrointestinal smooth
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muscle activity in vivo. Since NO has a short biological half-life
the oxidation products of NO, nitrite (NO, ) and nitrate
(NO;7), have been used to quantify NO formation during
nerve stimulation in vitro (Iversen et al., 1994a, b; Wiklund et
al., 1993). The present study demonstrates a new methodolo-
gical procedure which makes it possible to measure very small
changes in the formation of NO,~ and NO;~ in vivo.

Methods

New Zealand White rabbits (2.4—2.6 kg) of either sex were
anaesthetized with sodium pentobarbitone 5060 mg kg~!,
i.v. Supplementary i.v. infusion of anaesthetic (sodium pen-
tobarbitone, 30 mg kg=' 60 min~") as well as fluid substitu-
tion (6 ml kg=' 60 min~') were provided throughout the
experiments. The animals were tracheotomized and ventilated
by means of a Palmer small animal ventilator (BK Universal
Sollentuna, Sweden) set to give 36 strokes per min and a stroke
volume giving a minute volume of 250 —300 ml kg~'. Endtidal
PCo, was continuously monitored by a Datex respiration
monitor (Instrumentarium OY, Helsinki, Finland), and kept at
4.5-5.0 kPa. A positive end-expiratory pressure was set at
5 emH,0. Arterial blood gases were checked before and after
administration of the NO synthase inhibitor L-NAME
(30 mg kg~', 20 min i.v. injection). Systemic arterial blood
pressure and heart rate were recorded via a catheter introduced
into a carotid artery and by means of a Statham P 23AC
transducer and a Grass model 7D polygraph (Grass Instru-
ments, Quincy MA, U.S.A.). The abdomen was opened by a
midline incision. Microdialysis probes were inserted into the
stomach and colonic wall, respectively. The vagi were dissected
lateral to the trachea and the central parts of the nerves were
crushed. The vagi were then placed on platinum electrodes.
Vagal stimulation with monophasic square wave pulses
(0.5 ms, 15V, 10 Hz for 1-10 min at 10—30 min intervals)
were applied to both nerves by a Grass S44 stimulator. The
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stimulation parameters were chosen in order to obtain a sig-
nificant NO release, and still get reproducible motor responses
and a moderate heart rate reduction. It has previously been
shown that intestinal NO release is frequency-dependent
(Wiklund et al., 1993). When higher frequencies were applied
more pronounced effects on heart rate were observed. The
rectal temperature was maintained at 38°C by means of a
heating pad connected to a temperature control unit. Experi-
ments were started approximately 60 min after surgery was
completed.

Mechanical recordings

Contractions of circular gastric muscle fibres were recorded
isometrically. The proximal part of the antrum was connected,
via a suture located at the greater gastric curvature, to a Grass
FTO03C force transducer and stretched towards the lesser cur-
vature by an adjustable hook at a load of 50—100 mN. Con-
tractions in circular muscle fibres in the proximal colon were
recorded isometrically. A suture was connected to a Grass
FTO03C force transducer and the colon was stretched in the
opposite direction by another suture connected to an ad-
justable hook at a load of 20—30 mN.

Microdialysis procedure

Microdialysis was performed as previously described in detail
(Tossman & Ungerstedt, 1986). A rigid probe (CMA/10, CMA
Medical AB, Stockholm, Sweden) with a 3 x 0.7 mm dialysis
membrane (length and outer diameter) and a molecular weight
cut-off at 20 kilodaltons was used.

In order to minimise the trauma when inserting the micro-
dialysis probes, the serosa was first tangentially punctured by a
needle. The probes were then gently inserted tangentially into
the wall of the proximal antrum and proximal colonic wall,
approximately at the site of mechanical recordings. The tip of
the probes was positioned between the serosa and the mucosa.
The stomach wall and colonic wall are quite thin and it is
technically not possible to insert the probe so that the whole
membrane is located in a certain histological layer. The probes
were sutured at the surface of the stomach and the colon.
Nerve-induced contractions did not cause rupture of the mi-
crodialysis membrane.

Saline was used as perfusion medium, and was delivered to
the probe by a CMA/100 microinjection pump (CMA Med-
ical AB, Stockholm, Sweden) at a flow rate of 1.0 ul min—".
Dead space volume of the probe system was taken into ac-
count during sample collection which started after a 30 min
equilibration period. In order to study variations in NO,™
and NO;~ concentrations consecutive samples were obtained
at basal conditions. In the stomach wall (n=7) NO,~ and
NO;~ concentrations were 9.5+2.1 uM and 60+ 11 uM at
basal, and one hour later 9.4+2.2 uMm and 63+11 uM, re-
spectively. In the colonic wall (n=5) NO,~ and NO;~ con-
centrations were 8.2+2.7 uM and 43+7.3 uM at basal, and
one hour later 9.3+2.5 uMm and 42+8.6 uM, respectively.
Dialysate was collected during the 10 min immediately before
and during each stimulation period. The in vitro recovery for
NO,™ and NO;~, by use of the microdialysis probe described
above at a flow rate of 1.0 ul min~', was 33% and 31%,
respectively. It has previously been shown that in vivo re-
covery is different from in vitro recovery (Jacobson et al.,
1985; Lonnroth et al., 1987; Benveniste et al., 1989; Amberg
& Lindefors, 1989; Stahle et al., 1991). In vitro recovery is in
most cases higher than in vivo recovery and, hence, results in
an underestimation of in vivo concentration if the values are
corrected for in vitro recovery. However, for the presently
used probe dimensions and flow rate, in vivo recovery for
compounds such as NO,~ and NO;~ will be in the range
10—-40% (Stahle, personal communication). Thus, the present
data may be corrected for 31% and 33%, respectively, al-
though the values obtained should be considered as being
approximations to a limited degree.

Nitrite and nitrate determination

Quantification of NO,~ and NO;~, in arterial plasma and
micro dialysate was performed by capillary electrophoresis as
described previously (Leone et al., 1994a). The samples were
diluted 1:10 with ultra pure water (> 18.2 MQ MilliQ " water)
and analysed on an Hewlett-Packard 3D capillary electro-
phoresis system (Hewlett Packard Ltd., Stockport, Cheshire,
U.K.) with 104 cm fused silica capillaries of 75 um i.d. (ex-
tended light path, 225 um). The electrophoresis electrolyte
consisted of 25 mM sodium sulphate containing 5% NICE-Pak
OFM Anion-BT (Waters proprietary osmotic flow modifier).
Samples were injected by electromigration for 20 s at —6 kV
and analysed at an applied negative potential of 30 kV. Data
were acquired at 214 nm onto an HP 3D CE Chem Station
data system. The detection limit for NO,~ and NO;~ was
60 nM

Drugs

N®-nitro-L-arginine methyl ester (L-NAME) was purchased
from Sigma Co. (St Louis, MO, U.S.A.). Sodium pento-
barbitone was from Apoteksbolaget, Stockholm, Sweden.

Statistics

Experimental data are expressed as mean values+s.ec.mean.
Statistical significance was tested according to Student’s ¢ test
for paired or unpaired observations.

Results

Nitric oxide oxidation products in tissue dialysate

Basal interstitial fluid tissue concentrations of NO,~ and
NO;~ (corrected for 33% and 31% recovery, respectively) in
the stomach wall were 10+2.7 uM for NO, ™, and for NO;~
68+9.4 uMm (n=10). In the colonic wall it was 9.7+3.6 uM
for NO,~, and 58+ 14 uMm for NO;~ (rn=6). Arterial plasma
concentrations of NO,~ and NO;~ in anaesthetized rabbits
were 3.9+0.9 uMm and 120422 uM, respectively. Basal in-
terstitial tissue concentrations of NO,~ and NO;~ were
unchanged 20-30 min after L-NAME infusion was in-
itialized.

There was an increase in the concentration of NO oxidation
products in the stomach wall during bilateral vagal nerve sti-
mulation (Figure 1a). Stomach wall dialysate concentrations of
NO,~ increased by 31+8% (P<0.01) and of NO;~ by
23+9% (P<0.05, n=10). In the presence of intravenously
administered L-NAME there was no nerve-induced increased
in NO,™ or NO;~ concentration (Figure 1a).

Enhancement of nitric oxide oxidation product concentra-
tion during vagal nerve stimulation was seen also in the wall of
the proximal colon (Figure 1b). Tissue dialysate concentration
of NO, ™~ increased by 82+23% (P <0.05, n=26). This increase
was prevented by L-NAME (P<0.05, n=35). There was no
significant nerve-induced increase in NO;~ concentration in
the colonic wall (Figure 1b).

Contractile activity in the stomach and colon

Bilateral vagal nerve stimulation elicited highly reproducible
contractions of the stomach and the proximal colon. Con-
comitantly there was a decrease in heart rate and arterial blood
pressure (Figure 2). The force of stimulation-induced con-
tractions was 90+ 18 mN in the stomach, and 36 +4 mN in the
colon. A 20 min infusion of L-NAME 30 mg kg™', i.v., en-
hanced stimulation-induced contractions in the stomach by
32+13% (P<0.05, n=4), and in the colon by 67+15%
(P<0.01, n=5; Figure 2). L-NAME induced an increase in
mean arterial blood pressure from its resting value
(103+5 mmHg) by 19+4 mmHg (P<0.01).
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Figure 1 Diagram showing effects on interstitial NO,™ (open
columns) and NO;~ (hatched columns) concentrations of bilateral
vagal nerve stimulation (0.5 ms, 15V, 10 Hz for 10 min at 30 min
intervals) in anaesthetized rabbits. Nerve-induced release of NO,™
and NO; ™ in tissue microdialysate from (a) the stomach wall and (b)
proximal colonic wall expressed as % of basal concentration before
nerve stimulation. Dialysate was collected for 10 min before and
during each stimulation period. Stimulations were also made after a
20 min i.v. infusion of L-NAME (30 mg kg~ '). Mean+s.e.mean are
shown. ¥*P<0.05, **P<0.01 compared to basal concentration.

Spontaneous contractile activity was present in the colon
(Figure 2) but only very weak spontaneous contractions were
observed in the stomach. The frequency of spontaneous co-
lonic contractions exceeding 10 mN was 6+2 per 10 min. In
the presence of L-NAME (30 mg kg~") the frequency of these
contractions increased to 11+2.6 per 10 min (P<0.05, n=75).
Furthermore L-NAME increased the maximum force of
spontaneous contractions by 128 +37% (P<0.05, n=35). No
effect of L-NAME on basal tone was found either in the sto-
mach or colon.

Discussion

In this study we demonstrated an increase in NO oxidation
products in the rabbit stomach and colonic wall as a con-
sequence of vagal nerve stimulation. NO,~ and NO;~ for-
mation as an indicator of NO release during vagal nerve
stimulation was detected by means of an in vivo microdialysis
technique. This technique constitutes a useful method for the
in vivo sampling of substances in the extracellular fluid (Un-
gerstedt, 1991) and it has previously been used in the gastro-
intestinal tract (Meirien er al., 1986). NO is a reactive and
unstable molecule and its biological half-life is estimated to a
few seconds in biological systems in vitro (Palmer et al., 1987,
Bult et al., 1990; Iversen et al., 1994a,b). Thus, the two main
NO oxidation products NO,~ and NO;~ are commonly used
as markers of NO generation. Consequently, previous in vitro
studies have shown that nerve-induced NO formation can be
measured as NO, ™ and NO;~ formation (Wiklund ef al., 1993;
Iversen et al., 1994b; Leone et al., 1994b). In vivo detection of
NO release as measured by determination of its oxidation
products, combined with the microdialysis technique, has
previously been performed in the rat brain (Luo et al., 1993;
Ohta et al., 1994).

In the present study NO,~ concentration increased in dia-
lysate collected from the gastric and colonic wall during vagal
nerve stimulation. In the presence of the NOS inhibitor (L-
NAME) there was no increase in NO,™ concentration during
vagal nerve stimulation. Thus, the nerve-induced increase in
NO,~ is probably due to NOS activity. Dialysate concentra-
tion of NO;~ was also increased in the stomach wall. However,
no significant increase in NO;~ was seen in dialysate from the
proximal colonic wall. Since basal plasma and interstitial fluid
concentrations of NO;~ as compared to NO,~ are about 30
and 6 times higher, respectively, a small change in NO;~ for-
mation is likely to be masked by natural variation in tissue
NO;~ concentration. This could explain the lack of significant
nerve-induced increase of NO;~ formation in the colon. Thus,
NO,~ formation as measured by microdialysis is more useful
as a marker for minute changes in endogenous NO production.

NO is rapidly oxidized to nitrite and nitrate in blood where
NO, "~ is further oxidized to NO;~ by oxyhaemoproteins (Leaf
et al., 1990). Nitrite and nitrate are subsequently excreted in
the urine giving a plasma half-life of approximately 8 h
(Wennmalm, 1995). In aqueous solutions lacking haemopro-
teins the principal spontaneous oxidation product of NO is
NO,~ (Ignarro et al., 1993). With the present experimental
procedure where dialysate without haemoproteins is collected,
NO,~ was approximately 2.5 times higher in the extracellular
fluid as compared to plasma. This is probably due to a larger
proportion of locally released NO being oxidized to NO,~
rather than NO; ™, and then ‘protected’ by the microdialysis
membrane from oxidation by oxyhaemoproteins. This con-
tributes to the usefulness of NO,~ as a marker for NO for-
mation in our experiments. In fact, the actual extracellular
concentration of NO,™ may be even higher than the estimated
value since it was calculated from the in vitro recovery. This
probably results in an underestimation as mentioned in the
methods section.

Bilateral cervical vagal stimulation causes increased gas-
trointestinal blood flow in cat (Martinsson, 1965). Such an
increase in blood flow could affect the extracellular con-
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Figure 2 Records of (a) arterial blood pressure (ABP), (b) heart rate (HR), and contractile activity in the (c) stomach and (d)
proximal colon of an anaesthetized rabbit. Bilateral cervical vagal nerve stimulation (indicated as @) elicited gastric and colonic
contractions which were enhanced by the NOS inhibitor L-NAME. Administration of L-NAME (30 mg kg™ ', i.v.) also increased
spontaneous contractile activity in the colon, as well as arterial blood pressure.

centrations of NO,~ and NO;~. However, since the basal ex-
tracellular level of NO,~ was higher than the plasma level an
increase in blood flow cannot contribute to the observed in-
crease in NO,~ concentration in dialysate during vagal nerve
stimulation.

Vagally induced gastric and colonic contractions were en-
hanced by L-NAME administration, suggesting that vagal
nerve activity released endogenous NO in amounts sufficient
for smooth muscle inhibitory activity. Amplitude and fre-
quency of spontaneous contractions in the proximal colon
were also significantly increased by L-NAME administration.
This is in agreement with data from a previous study showing
increased frequency and amplitude of jejunal spontaneous
contractions after inhibition of NOS with L-NAME (Ca-
lignano et al, 1992). Nitric oxide has previously been suggested
to mediate the relaxing component in the colonic peristaltic
reflex (Hata et al., 1990). By inhibiting endogenous NO for-
mation L-NAME might thus interrupt normal peristaltic ac-
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