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Is Nitric Oxide Involved in 5-HT; Receptor-Mediated Neurogenic
Relaxation of Guinea Pig Proximal Colon?
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ABSTRACT—The relaxations mediated by the activation of 5-HT receptors in the guinea pig proximal
colon were investigated. Longitudinal strips were cut from the colon segment and placed into the bath. In
the presence of atropine (0.2 #M), the relaxations were evoked by adding increasing concentrations of 5-HT
(1-100 zM). Noncumulative concentration-response curves were established in the absence and presence of
either 5-HT or nitric oxide synthase (NOS) antagonists. Selective 5-HT; antagonists tropisetron (10 and 100
nM) and ondansetron (1 M) inhibited the relaxations and shifted the concentration-response curves to the
right. Similar effects were observed in the presence of the NOS inhibitor N-nitro-L-arginine (3.2, 10, 32
¢#M) and partly reversed with L-arginine (100, 320 zM). N -nitro-p-arginine, serving as a negative control,
was ineffective. The relaxations were further inhibited in the presence of the soluble guanylate cyclase
blocker methylene blue (10 zM) or NO scavenger hemoglobin (32 M). These results suggest that the 5-
HT; receptor plays a role in neurogenic relaxations of guinea pig proximal colon, which are at least partly
mediated via release of NO from nerve endings.
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5-Hydroxytryptamine (5-HT) present in the mam-
malian digestive tract (1) exerts multiple types of action
including direct contraction or relaxation of smooth
muscle and stimulation of the intramural nerve plexus
with resulting neurotransmitter release (2—4). In guinea
pig proximal colon, the 5-HT evoked response is usually
biphasic. It starts with a quick and transient relaxation
(5) that is followed by a contraction that tends to fade
rapidly within few repeated applications (6).

The relaxation of the guinea pig colon is neurogenic
because it is abolished in the presence of tetrodotoxin (5,
7-9). Since 5-HT exerts its effects on multiple receptor
types (10), it is not quite clear at present which subtype of
the 5-HT receptor is responsible for this phenomenon.
Results of some studies suggest the involvement of the
5-HT; (7, 11, 12) or 5-HT, receptor (13) and other results
including the observations of our laboratory support a
possible involvement of the 5-HT; receptor (8, 9, 14).
Studies favoring the role of 5-HT/5-HT, receptors in the
relaxation concluded that its final mediator is nitric oxide
(NO) (11, 15) and possibly adenosine 5-triphosphate
(ATP) (16). However, studies favoring the role of 5-HT;
receptors did not investigate the nature of a final mediator
yet. The aim of this study was therefore to establish

whether NO might be involved also in the relaxation
mediated via 5-HT; receptors.

MATERIALS AND METHODS

Preparations and solutions

Male guinea pigs (200—400 g) were stunned by a blow
on the head and exsanguinated. The most proximal por-
tion of the colon, 4—35 cm from the caecum, was dissected
from the surrounding fascia, and strips of approximately
3.0x 0.3 cm were cut for each experiment (7). The prepa-
rations were set up in a 10-ml organ bath filled with Krebs
solution (37°C) of the following composition: 120 mM
NaCl, 5.9 mM KCI, 2.5 mM CaCl,, 15.4 mM NaHCO;,
1.2 mM MgCl,, 1.2 mM NaH,PO, and 11.5 mM glucose
and gassed with 95% O,, 5% CO,. Atropine (0.2 #M) was
present in the solution throughout all the experiments to
block the cholinergic component of contraction; thus the
initial relaxation was enhanced (5). The preparations were
suspended vertically under a 10-mN tension and allowed
to equilibrate for at least 40 min; during this period, the
solution was exchanged every 10 min. Changes in the
mechanical activity of the preparation were registered
isotonically.
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Experimental protocol

Tissues were initially given two priming doses of 5-HT
(10 uM) before construction of sequential 5-HT concen-
tration-response curves (CRCs). Non-cumulative CRCs
were established by adding incremental concentrations of
5-HT (spaced at 0.5 log units) at time interval range of
5-25 min with respect to the concentration used. These
intervals were chosen after preliminary experiments to
avoid any possibility of desensitization. 5-HT was added
to the bath and was present there until the peak of relax-
ation was achieved and relaxation changed to contraction
(usually not more than 1 min); 5-HT was then washed
out. Continuous perfusion by an antagonist was started
at least 10 min prior to the initial exposure to 5-HT to
allow time for equilibration. When 1-arginine (L-ARG)
was tested against N-nitro-L-arginine (L-NOARG), they
were added together.

The strips were cut alongside each other from the same
colon segment. In most experiments, the following arrange-
ment was adopted: Four preparations were used and 5-
HT-CRCs were obtained in the absence of an antagonist
(first series). The concentration evoking the maximum
relaxation was either 30 or 100 #M. Consecutively, 5-HT-
CRCs were repeated in the continuous presence of differ-

CONTROL 0}
2 mN
1 3
TROPISETRON, 100 nM

ing concentrations of an antagonist in three preparations,
while the fourth strip served as a control (5-HT-CRC
again in the absence of any antagonist) (second series).
The control curves of the first and second series were
identical. All responses of the second series were ex-
pressed as a percentage of the relaxation induced by the
most effective 5-HT concentration of the first series for
each individual strip. 5-HT (30 or 100 M) induced maxi-
mal relaxations of 3.198 +0.088 mN (n=226).

Chemicals

The agents used were: N-nitro-p-arginine (D-
NOARG), L-NOARG (Calbiochem, LaJolla, CA,
USA); L-ARG hydrochloride, bovine hemoglobin,
methylene blue trihydrate (Sigma, Prague, Czech Repub-
lic); atropine sulphate (Spofa, Prague, Czech Republic);
5-HT creatininsulphate (Fluka AG, Buchs, Switzerland);
ondansetron hydrochloride dihydrate (Glaxo, Greenford,
UK); and tropisetron hydrochloride (Sandoz, Basle,
Switzerland).

Statistics
The results were each expressed as a mean+S.E.M.,
with the number of experiments in parentheses (n). ECs,

10
32 100 pyM5-HT
10 32 100 puM5HT
2 min

Fig. 1. Recordings of concentration-dependent relaxations evoked by 5-HT in the longitudinal muscle of the guinea pig
proximal colon in the absence (upper panel) or presence (lower panel) of 5-HT; antagonist tropisetron (100 nM). The addition

of 5-HT is indicated by arrows.
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values were determined by linear regression analysis. The
significance of differences was assessed with two-tailed
Student’s ¢-test for unpaired data, and a probability level
of 0.05 or less was considered to be statistically sig-
nificant.

RESULTS

The effect of 5-HT in the presence of 5-HT antagonists

Application of 5-HT to the preparation evoked a fast
and transient relaxation (Fig. 1) followed immediately by
a contraction. Control CRCs of the first and second series
were obtained. Their ECsps calculated over the interval
3.2-32 oM 5-HT were 18.2 pM (11.6-21.7 pM, n==6)
and 15.8 oM (11.6-17.8 #uM, n=6), respectively. There
was no significant difference between these two curves at
any concentration, suggesting that the effect of 5-HT did
not change with time.

5-HT-CRCs were then obtained in the absence and
presence of the 5-HT; antagonists tropisetron (10, 100
nM) or ondansetron (1 #M). The presence of the antago-
nists caused a shift of the curve to the right; the relaxation
evoked by 10 uM 5-HT was abolished (Fig. 2).

The effect of 5-HT in the presence of L-NOARG
5-HT-CRCs were obtained in the absence and presence
of the NO synthase (NOS) antagonist L-NOARG (3.2,
10, 32 xM). While 3.2 uM L-NOARG was without a
major effect, both 10 and 32 M L-NOARG significantly
inhibited 5-HT-evoked relaxations (Fig. 3a). In contrast,
the enantiomer D-NOARG (32 #M), serving as a negative

a CRC &-HT

100+
§ *
: * ik
2 *
® 50
b
8
Q
o Sk

ol &
5 5 4
log 5-HT (M)

CRC 5-HT
100+
=
<
]
® 50
X
]
[4)
12
O_
% 5 4
log 5-HT (V)

Fig. 2. Concentration-response curves (second series) for 5-HT un-
der control conditions ()} or in the presence of the 5-HT; antago-
nist tropisetron at 10 nM (A) or 100 nM (V) or ondansetron (1 M)
(®). Values (all n=6) significantly different from the control values
are marked with an asterisk (*P <0.05, **P <0.01). The relaxations
are expressed as a percentage of the maximal relaxation evoked by
5-HT (30 or 100 @M) in the first series. Atropine (0.2 uM) was
present in all experiments.

control, was ineffective (Fig. 3b). The effect of 10 uM L-
NOARG was completely reversed by L-ARG, whereas the
reversal was only partial at 32 «M L-NOARG (Figs. 4 and
5). The presence of L-ARG (32, 100, 320 M) on its own
caused only a slight and inconsistent increase of the 5-
HT-induced relaxation, which was maximal at 100 @M L-
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Fig. 3. Concentration-response curves (second series) for 5-HT under control conditions (), in the presence of the NOS
inhibitor L-NOARG at 3.2 uM (A), 10 zM (V) or 32 M (@) (2) and in the presence of the enantiomer D-NOARG at 32 M
(A) (b). Values in panel a (all n=6) that are significantly different from control values are marked with an asterisk (*P <0.05,
**P <0.01). Experimental values in panel b (n=28) were not significantly different from control values. For further details, see

Fig. 2.
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Fig. 4. Concentration-response curves (second series) for 5-HT un-
der control conditions (H), in the presence of the NOS inhibitor L-
NOARG at 10 uM (A) and in the combined presence of L-NOARG
at 10 #M plus L-ARG at 100 zM (V) or 320 uM (@). Values (all
n=12) that are significantly different from control values are marked
with an asterisk (*P<0.05, **P <0.01). For further details, see Fig. 2.
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Fig. 5. Concentration-response curves (second series) for 5-HT un-
der control conditions (), in the presence of the NOS inhibitor L-
NOARG at 32 #M (A) and in the combined presence of L-NOARG
at 32 M plus L-ARG at 100 uM (V) or 320 uM (@). Values (all
n=46) that are significantly different from control values are marked
with an asterisk (*P<0.05, **P<0.01). For further details, see Fig. 2.
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Fig. 6. Concentration-response curves (second series) for 5-HT under control conditions (lll), in the presence of hemoglobin
(32 uM) (A) (2) and in the presence of methylene blue (10 uM) (A) (b). Values (a: n=11, b: n=14) that are significantly
different from control values are marked with an asterisk (*P <0.05, **P <0.01). For further details, see Fig. 2.

ARG:; however, it was not statistically significant (not
shown, n=9).

The effect of 5-HT in the presence of other NO-antago-
nists

Both hemoglobin (32 pM) and methylene blue (10 xM)
significantly inhibited 5-HT-evoked relaxations (Fig. 6: a
and b). Methylene blue was effective only at higher 5-HT
concentrations (32 and 100 zM).

DISCUSSION

The effect of 5-HT in guinea pig proximal colon begins
with a fast neurogenic relaxation (6) that is enhanced in
the presence of atropine (0.2 #M) (5). It is well established
that tetrodotoxin (0.3—0.5 @M) inhibits the 5-HT-in-
duced relaxation (8, 9), providing evidence for its neuro-
genic origin. Although the subtype of 5-HT receptor
responsible for the relaxation is the subject of a current
debate, there are several studies supporting the role of the
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5-HT; subtype. In the guinea pig ileum, the discovery of
5-HT; receptors on inhibitory neurons was reported (17).
In the guinea pig distal colon, the 5-HT-evoked relaxation
was blocked by the 5-HT;-receptor antagonist granisetron
(1 #M) (14). In the guinea pig proximal colon, similar
results were obtained in our earlier experiments. 5-HT-
evoked relaxation was not antagonized in the presence of
the 5-HT,/5-HT,-receptor antagonists methiothepin (0.1
#M) and metergoline (0.1 M), while it was readily antago-
nized in the presence of the 5-HTs-receptor antagonists
tropisetron (10, 50, 500 nM) and ondanseiron (1 zM)
(8, 9). The efficacy of both 5-HT; antagonists to antago-
nize the 5-HT-evoked relaxation was confirmed in this
study. ’

The reason for the discrepancies in the attempts to
identify the 5-HT receptor subtype responsible for the
5-HT-evoked relaxation is unclear. It seems that an
important difference between these studies is the use of
preparations held at different (either basal or drug-in-
duced) tone. Kojima and Shimo (5), working with the
preparations at basal tone, suggested that the receptor
responsible for the neurogenic relaxation might be 3-
HT;-like. However, their next study did not confirm this
assumption; instead, the role of 5-HT)-like receptors has
been suggested, although the respective 5-HT; receptor
subtype could not be determined (7). Since then, con-
tracted preparations pretreated with 5-HT; receptor an-
tagonists were preferentially used (11-13). Of course,
under the latter condition, a 5-HT; receptor-mediated
relaxation could not be observed. However, a few studies
using preparations at basal tone and not pretreated with
5-HT; antagonists (8, 9, 14) supported the role of this
receptor type (5). Thus two different relaxant mecha-
nisms possibly utilizing different final mediator(s) might
coexist in guinea pig proximal colon. On this back-
ground, the final mediator of 5-HT;-mediated neurogenic
relaxation has been investigated.

The 5-HT-evoked relaxation was inhibited in the
presence of the r-arginine analogue L-NOARG. This
substance is a well-known inhibitor of NOS (18, 19).
Since its effect is stereoselective, its enantiomer D-
NOARG can be used as a negative control (20, 21). As
expected, D-NOARG was entirely ineffective in our ex-
periments. Furthermore, L-ARG, the natural substrate
for NOS enzyme, restored the relaxation reduced by L-
NOARG. At the highest L-NOARG concentration (32
¢M), the restoration was only partial. This is in good
agreement with an earlier observation (22) that the effects
of L-NOARG could not be readily reversed by washing
with L-ARG (22) due to a high affinity of L-NOARG for
NOS (23). L-ARG on its own tended to shift the 5-HT-
CRC:s to the left. Such a shift, although very slight and
inconsistent, could be only detected if nothing but L-

ARG was present. It is conceivable that the supply of L-
ARG was limited under physiological conditions; thus the
excessive amount of the substance supplied experimental-
ly might sometimes result in a very slight potentiation of
the relaxation. However, another research group could
not detect such a change (11).

On the other hand, the slight contraction of the prepa-
rations caused by the high concentrations (up to 320 nM)
of L-NOARG reported by these authors could not be ob-
served in our experiments. There are at least two reasons
for this discrepancy. First, the above mentioned high
concentration was not used in our study. Second, it has
been reported that the response to NO consists of direct
and indirect components, the latter being mediated by the
presynaptic NO-mediated inhibition of cholinergic trans-
mission (24). This component would be suppressed also
in the presence of NOS inhibitors, resulting in a contrac-
tion of the smooth muscle due to disinhibition of acetyl-
choline release. However, acetylcholine could not exert
any muscarinic effect in our experiments because atro-
pine was present.

5-HT; relaxations were further inhibited in the presence
of hemoglobin or methylene blue. Hemoglobin functions

- as a NO scavenger (25) and methylene blue inhibits solu-

ble guanylate cyclase, the target of NO (25, 26). These
observations are further evidence for an involvement of
NO.

Since NO antagonists used in this study could not
entirely block the relaxations, the possible existence of
another mediator that might be co-released with NO
should be considered. In the case of 5-HT,/5-HT, relaxa-
tions, a role for ATP as a cotransmitter was recently
demonstrated (16).

Based on our data, we conclude that NO plays a role as
a final mediator in the fast, transient and neurogenic 5-
HT;-receptor-mediated relaxation in guinea pig proximal
colon. NO thus can function as a common denominator
subserving both types of 5-HT neurogenic relaxations,
i.e., relaxations induced by the activation of either 5-
HT,/5-HT, or 5-HT; receptors.
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