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Evidence that NO acts as a redundant NANC inhibitory
neurotransmitter in the guinea-pig isolated taenia coli

S. Selemidis, *D.G. Satchell & 'T.M. Cocks

Departments of Pharmacology and *Zoology, University of Melbourne, Parkville, 3052, Australia

1 The relative contribution of the putative transmitters, nitric oxide (NO) and an apamin-sensitive
factor, possibly ATP, to inhibitory responses evoked by electrical field stimulation (EFS; 0.2—-5 Hz,
0.2 ms duration, supra-maximal voltage for 10 s) of non-adrenergic, non-cholinergic (NANC) nerves was
investigated in the guinea-pig isolated taenia coli contracted with histamine (1 um).

2 Peak relaxations to EFS (0.2—5 Hz) were tetrodotoxin (1 uM)-sensitive, maximal at 0.2 Hz and
completely resistant to the nitric oxide synthase inhibitor, NC-nitro-L-arginine (L-NOARG; 100 uM) in
either the presence or absence of atropine (1 uM). Furthermore, the specific inhibitor of soluble guanylyl
cyclase, 1H-[1,2,4] oxadiazolo [4,3-a] quinoxaline-1-one (ODQ); 10 uM), the cytochrome P,s, inhibitor and
free radical generator, 7-ethoxyresorufin (7-ER; 10 uM) and the NO scavenger, oxyhaemoglobin (HbO;
30 uM) had no effect on EFS-induced relaxations alone and in combination with L-NOARG (100 um).
3 Maximum relaxation to the NO donor, sodium nitroprusside (SNP; 1 uM) was significantly reduced
by HbO (30 um), abolished by 7-ER (10 um) and ODQ (10 uM) but was unaffected by apamin (0.1 uMm),
an inhibitor of small conductance Ca**-activated K* channels.

4 The relaxation to EFS at 0.2 Hz was resistant to apamin but those to 0.5 and 5 Hz were significantly
reduced. EFS (0.2-5 Hz)-evoked relaxations that persisted in the presence of apamin were further
significantly inhibited by L-NOARG (100 um) or ODQ (10 um), but not by HbO (30 um) or 7-ER
(10 um).

5 ATP (1-30 um) produced concentration-dependent relaxations that were abolished by apamin
(0.1 um), unaffected by ODQ (10 um) but only significantly reduced by L-NOARG (100 uM) at the
lowest concentration of ATP (1 uM) used.

6 Nifedipine (0.3 uM), abolished contractions to 67 mM KCI, histamine (10 uM), endothelin-1
(0.03 um), S-hydroxytryptamine (5-HT; 10 umM) and the thromboxane-mimetic, 9-11-dideoxy-9a, 1lo-
methano-epoxy-prostaglandin F,, (U46619; 0.1 um).

7 The findings of the present study suggest that NO is released during NANC nerve stimulation, but
plays no role in NANC relaxations in the guinea-pig taenia coli unless the effects of another apamin-
sensitive, nerve-derived hyperpolarizing factor (NDHF) are blocked. Thus, we propose that in this tissue,
NO acts as a ‘backup’ or redundant NANC nerve inhibitory transmitter and like NDHF mediates

relaxation via hyperpolarization.
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Introduction

Evidence from functional and morphological studies support
the involvement of multiple transmitters in non-adrenergic
non-cholinergic (NANC) inhibitory neurotransmission of
gastrointestinal tissue. Although the exact mechanism of
NANC-mediated relaxation of gut tissue is controversial, three
putative mechanisms have been described; purinergic (Burn-
stock, 1972; 1990), nitrergic (Sanders & Ward, 1992; Rand,
1992; Rand & Li, 1995) and peptidergic (Hills e al., 1983;
Grider et al., 1985; Furness et al., 1992). Purinergic nerves are
believed to release adenosine 5'-triphosphate (ATP) or a re-
lated purine which activates apamin-sensitive K* channels to
evoke inhibitory junctional potentials (Bennett et al., 1966;
Burnstock et al., 1970; Costa et al., 1986; Burnstock, 1990;
Bridgewater et al., 1995) and smooth muscle relaxation. Ni-
trergic nerves differ from conventional nerves in that they
contain an enzyme, neuronal nitric oxide (NO) synthase (Bredt
& Snyder, 1990; Bredt ef al., 1991) which, when activated by an
increase in Ca>*, causes release of NO which then mediates
relaxation of the underlying smooth muscle primarily by in-
creasing guanosine 3": 5'-cyclic monophosphic (GMP). Finally,
neuropeptides such as vasoactive intestinal peptide (VIP)
(Furness et al., 1992), pituitary adenylyl cyclase-activating
peptide (PACAP) (Sundler et al., 1992; McConalogue et al.,
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1995) and helospectin (Absood et al., 1992; Desai et al., 1992;
Ny et al, 1994) have been localized in enteric nerves
throughout the gut, and PACAP in particular, is released upon
NANC nerve stimulation and mediates relaxation via apamin-
sensitive hyperpolarizing mechanisms (Schworer et al., 1992;
Jin et al., 1994; McConalogue et al., 1995). Whilst it is not clear
whether these putative transmitters exist in separate or similar
populations of nerves (Furness et al., 1992; Bridgewater et al.,
1995; McConalogue et al., 1995) their differential contribu-
tions to NANC nerve-mediated smooth muscle relaxation are
unknown.

We have recently questioned a direct role for NO in NANC
neurotransmission in the rat anococcygeus (Selemidis &
Cocks, 1997), a gut-associated smooth muscle generally re-
garded to be innervated only by nitrergic NANC nerves (Gil-
lespie et al., 1989; Li & Rand, 1989; Hobbs & Gibson, 1990;
Liu et al., 1991; Rand, 1992; Rand & Li, 1995). In that study,
we provided indirect evidence that a nerve-derived hyperpo-
larizing factor, which we termed NDHF, accounted for all the
response when the tissue was sub-maximally contracted by a
depolarizing stimulus. NO, concomitantly released with
NDHEF, contributed to the response only if the effects of
NDHF were blocked with nifedipine (Selemidis & Cocks,
1997). Thus, NO appeared to function as a ‘backup’ factor for
NDHF. A similar but reverse-order backup mechanism has
been demonstrated in blood vessels such as rabbit carotid ar-
tery (Cowan et al., 1993) and pig (Kilpatrick & Cocks, 1994)
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and cow coronary arteries (Drummond & Cocks, 1996) where
the release of both NO and a non-NO hyperpolarizing factor
(EDHF) (Felatou & Vanhoutte, 1988; Garland ez al., 1995)
from the endothelium mediate relaxation of the underlying
smooth muscle. However, in these blood vessels, NO ac-
counted for most of the relaxation to endothelium-dependent
relaxing agents with EDHF able to compensate almost fully
for NO when its synthesis was inhibited.

Although the guinea-pig taenia coli is innervated by NOS-
containing enteric nerves (Furness et al., 1992), NANC nerve-
mediated relaxations have been shown to be resistant to NOS
inhibitors (Rand & Li, 1990; Knudsen & Tottrup, 1992; Pio-
trowski et al., 1993; Grider et al., 1994). In this tissue, the
putative non-NO transmitters, ATP and PACAP, both evoke
apamin-sensitive hyperpolarization and relaxation. However,
apamin does not abolish similar responses to NANC nerve-
stimulation. Therefore, the aim of the present study was to
determine if, as in the rat anococcygeus (Selemidis & Cocks,
1997), NO is essentially redundant and acts mainly as a
‘backup’ relaxation mechanism for an apamin-sensitive, hy-
perpolarizing factor (NDHF) in the guinea-pig taenia coli.

Methods

Guinea-pigs (250—-450 g; tri-coloured/albino; either sex) were
killed by CO, asphyxiation. Strips of taenia coli, 10 mm long,
including the same width of underlying circular smooth
muscle but free of any mucosa were suspended via two silk
ties vertically between a force-displacement transducer
(Grass, FTO3, Quincy, MA, U.S.A.) and a micrometer-
driven glass support in water-jacketed (37°C), 25 ml organ
baths containing carbogenated (95% O,; 5% CO,) Krebs
solution of the following composition (in mM: Na™ 143.1,
K* 59, Ca’* 2.5, Mg>" 1.2, CI~ 127.8, HCO;~ 25.0, SO~
1.2, H,PO,~ 1.2 and glucose 11.0, guanethidine 30 um,
atropine 1 uM (unless otherwise specified) and propranolol
1 um). Tissues were left at zero passive tension for 60 min
before being stretched to a baseline level of 1 g passive force.
Changes in isometric force were amplified (Model 108;
BMRI; Australia) and registered on single channel flat bed
chart recorders (Rikadenki, model R-01, Japan). After a
further equilibration period of 30 min, preparations were
contracted maximally (F,,,) with histamine (10 um). After
repeated washes to restore force to baseline levels, all tissues
were subsequently contracted with histamine (1 uM) to
~50% (Fna). Once a stable level of active force was
achieved relaxations were then obtained to either electrical
field stimulation (EFS; 0.2, 0.5 or 5 Hz, 0.2 ms duration,
supramaximal voltage for 10 s) of NANC inhibitory nerves
delivered in square wave pulses (S44 stimulator, Grass
Instruments, Quincy, MA, U.S.A.) via platinum ring elec-
trodes, ATP (1, 10 or 30 uM) or sodium nitroprusside (SNP,
1 um). Only one relaxation response followed by a 30 min
washout period to either EFS, a single concentration of ATP
or SNP was obtained for each histamine (1 uM) contraction.
Preparations received only one experimental protocol, either
EFS, ATP or SNP.

Effect of NO inhibitors and apamin on EFS-induced
relaxation

After control relaxations to EFS (0.2, 0.5 or 5 Hz) were ob-
tained in the absence of drug treatments, the same tissues were
either not treated or treated with NC-nitro-L-arginine (L-
NOARG, 100 uM), apamin (0.1 um), 1H-[1,2,4] oxadiazolo
[4,3-a] quinoxaline-1-one (ODQ, 10 uM), oxyhaemoglobin
(HbO, 30 uM) or 7-ethoxyresorufin (7-ER, 10 um). Some tis-
sues treated with L-NOARG were also exposed to either
apamin (0.1 um), HbO (30 um), ODQ (10 um) or 7-ER
(10 um). Other combination treatments included apamin
(0.1 um) with either ODQ (10 um), HbO (30 um), 7-ER
(10 um), NaHCO; (1 mM) or DMSO (0.1%). All drugs were

incubated for 30 min after which responses to EFS were re-
peated.

Responses to ATP and SNP

The effects of L-NOARG (100 uMm), apamin (0.1 um) and ODQ
(10 um) on responses to single concentrations of ATP (1, 10 or
30 uM) were obtained after the initial control responses and
exposure to all drugs for 30 min. Parallel experiments without
antagonists were conducted in tissues not treated with any drugs
to serve as time controls. Similar but unpaired responses to SNP
(1 um) were obtained in separate preparations that were not
treated or treated for 30 min with either (a) ODQ (10 um), (b)
HbO (30 um), (¢) 7-ER (10 uM) or apamin (0.1 um).

Contractions to other agonists

Maximum contractions to a single concentration of either
67 mM KCl, histamine (10 uM), endothelin-1 (0.01 uMm), 5-hy-
droxytryptamine (5-HT, 10 um) or U46619 (0.1 uM) were
obtained in the absence of nifedipine in separate preparations.
After control responses, all preparations were either untreated
(time control) or treated with nifedipine (0.3 uM) for 30 min
before being re-exposed to the same concentration of agonist.

Statistics

Peak relaxation responses to EFS, ATP as well as the slower
relaxations to SNP (measured at 10 s intervals for 30 s) were
expressed as percentage reversal of the level of active force to
histamine (1 pM). Differences in mean peak relaxations be-
tween controls and treatments were tested for significance by
Student’s paired ¢ tests. Control relaxations to EFS and ATP
of each treatment group were compared by a one-way analysis
of variance (ANOVA) with multiple comparisons by the Tu-
key-Kramer method. To compare the effects of one treatment
to another for all frequencies (ie. to compare whether the block
by apamin was greater than that by apamin and HbO), the
mean differences of each groups’ control and treatment were
compared with one another by ANOVA (Tukey-Kramer). In
all cases, significance was accepted at the (P<0.05) level.

Drugs and their sources

Haemoglobin (HbO, bovine plasma), NS-nitro-L-arginine (L-
NOARG), histamine sulphate, guanethidine sulphate, te-
trodotoxin-citrate, (—)-propranolol, 5-hydroxytryptamine
creatinine sulphate (5-HT) (Sigma, MO, U.S.A.); 1H-[1,2,4]
oxadiazolo [4,3-a] quinoxaline-1-one (ODQ), 7-ethoxyresor-
ufin (7-ER), apamin, nifedipine, 9-11-dideoxy-9a, 1la-
methano-epoxy-prostaglandin =~ F,, (U46619) (Sapphire
Bioscience, Sydney, Australia); adenosine triphosphate (ATP),
atropine sulphate, (Research Biochemicals International,
U.S.A.); sodium nitroprusside (SNP, David Bull Laboratories,
Melbourne, Australia); endothelin-1 (ET-1, Peninsula La-
boratories, U.S.A.). A stock solution of haemoglobin (1 mm)
was prepared by dissolution in 0.9% NaCl and then reduced
with sodium dithionite (Na,S,0,). The reduced HbO solution
was run through a Sephadex (PD 10) size exclusion column
previously exposed to 0.9% NaCl to remove excess Na,S,0,.
Stock solutions of L-NOARG (100 mM) were prepared in 1 M
NaHCO;, whereas ODQ (100 mM) and 7-ER (10 mM) were
both dissolved in 100% dimethyl-sulphoxide (DMSO). A stock
solution of nifedipine (10 mM) and U46619 (1 mM) were pre-
pared in 100% ethanol. Stock solutions of all other drugs were
prepared in distilled water. Subsequent dilutions of all stock
solutions were made with distilled water.

All preparations exposed to HbO alone or in combination
with other drugs were initially exposed to 10 um HbO for
25 min. Before the contraction to histamine was obtained,
preparations were subsequently exposed to a further 20 um
HbO to account for any protein denaturation. The final con-
centration of HbO was taken as 30 um.
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Results

EFS (0.2—-5 Hz, 0.2 ms duration, supra-maximal voltage for
10 s) of histamine (1 uM)-contracted preparations in the pre-
sence of guanethidine (30 uMm), atropine (1 uM) and propra-
nolol (1 uM) caused tetrodotoxin (1 uM)-sensitive relaxations.
The peak response was maximal at 0.2 Hz since it was not
significantly different to those obtained with 0.5 and 5 Hz
stimulation. Control relaxations to EFS (0.2—5 Hz) for all
treatment groups were not significantly different from one
another. Also repeated time control relaxations to all fre-
quencies tested were not significantly different (data not
shown).

Effect of L-NOARG on EFS-evoked relaxation

L-NOARG (100 um), had no effect on either the time course
(Figure 1) or peak relaxations to EFS (control: 0.2 Hz,
853+5.3%; 0.5Hz, 91.6+1.5%; 5Hz, 87.0+2.6%, L-
NOARG: 0.2 Hz, 82.9+5.1%; 0.5 Hz, 84.78+5.6%; 5 Hz,
82.1+5.4%, n=>5, Figure 3). Control relaxations to EFS in
the absence of atropine tended to be smaller but were not
significantly different from responses obtained in the pre-
sence of atropine. However, L-NOARG (100 um) still had
no effect on responses to EFS in the absence of atropine
(Figure 2).

Effect of HbO, ODQ and 7-ER on EFS and SN P-
evoked relaxations

The addition of L-NOARG (100 uM) alone, or in combination
with either HbO (30 um), ODQ (10 um) or 7-ER (10 um) had
no significant effect on the contraction to histamine (1 um).
Neither, HbO, ODQ nor 7-ER, caused a significant inhibition
of EFS (0.2-5 Hz)-induced relaxations alone (data not shown,
n=1>5) or in combination with L-NOARG (100 um) (Figure 3).
The maximum relaxation elicited by the NO donor, SNP
(1 um), was abolished by ODQ and 7-ER, markedly reduced
by HbO but unaffected by apamin (0.1 um) (Figure 4).
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Figure 1 Digitized traces of original chart recordings showing only
the second responses elicited by electrical field stimulation (EFS;
0.2—5 Hz, 0.2 ms duration, supramaximal voltage for 10s) of
NANC inhibitory nerves of guinea-pig isolated taenia coli. Prepara-
tions were pre-contracted with histamine (H; 1 uM) in (a) the absence
and (b) the presence of L-NOARG (100 um). Scale bars apply for
both (a) and (b). The breaks in the traces represent 30 min.

Effects of apamin on EFS-evoked relaxation

Apamin (0.1 uMm), had no effect on relaxations induced by EFS
(0.2 Hz) (control: 76.5+4.7%; apamin treated: 64.3+6.4%,
n=135). However, it caused a significant reduction in relaxations
to 0.5 Hz (control: 90.0+3.0%; apamin: 69.4+4.7%, n=0)
and 5 Hz (control; 94.2+1.5%, apamin 60.9+3.7%, n=0)
(Figure 5). Increasing the concentration of apamin to 1 uM
produced no additional block of EFS-induced relaxations
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Figure 2 Pooled data showing peak relaxations (expressed as a % of
the histamine (hist) contraction) elicited by electrical field stimulation
(EFS; 0.2—-5 Hz, 0.2 ms duration, supramaximal voltage for 10 s) of
non-adrenergic nerves (absence of atropine) of guinea-pig taenia coli
preparations pre-contracted with histamine (1 um). The open
columns represent the control relaxations and the solid columns the
sequential relaxations obtained in the presence of L-NOARG
(100 um). The vertical error bars represent 1 s.e.mean from 4
experiments.
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>Figure 3 Pooled data showing peak relaxations (expressed as a %
of the histamine (hist) contraction) elicited by electrical field
stimulation (EFS; 0.2—5 Hz, 0.2 ms duration, supramaximal voltage
for 10 s) of NANC inhibitory nerves of guinea-pig isolated taenia coli
preparations pre-contracted with histamine (1 um). The open
columns represent the control relaxations and the solid columns the
sequential responses obtained in the presence of either (a) L-NOARG
(100 um) or a combination of L-NOARG (100 um) and (b) HbO
(10 um), (c) ODQ (10 um) or (d) 7-ER (10 um). The vertical error
bars represent 1 s.e.mean from 6 experiments.
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Figure 4 Relaxations elicited by sodium nitroprusside (SNP; 1 um)
in preparations of guinea-pig taenia coli pre-contracted with
histamine (hist; 1 uM) in the absence (M, »=10) or presence of
either HbO (30 um; @, n=>35), ODQ (10 um; W, n=15), 7-ER (10 pm;
A, n=5) or apamin (0.1 uM, @, n=06). The relaxation measured
every 10 s is expressed as a % of the histamine contraction. The
vertical error bars represent 1 s.e.mean. *Denotes significant
difference (P<0.01) from control.
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Figure 5 Pooled data showing peak relaxations (expressed as a % of
the histamine (hist) contraction) to electrical field stimulation (0.2—
5 Hz, 0.2 ms duration, supramaximal voltage for 20 s) of NANC
inhibitory nerves in isolated preparations of guinea-pig taenia coli
pre-contracted with histamine (1 puM). The open columns represent
the control relaxations and the solid columns the sequential responses
obtained in the presence of either (a) apamin (0.1 um; n=>5) or (b) a
combination of apamin (0.1 um; n=06) and L-NOARG (100 um). The
vertical error bars represent 1 s.e.mean.

(data not shown, n=3). However, addition of L-NOARG
(100 um) to apamin-treated tissues abolished relaxations at all
frequencies of stimulation in 3 out of 6 preparations (Figure 5)
and significantly reduced those in the remaining 3 (combina-
tion of all 6 experiments gave the following mean values for
peak relaxations in the presence of both apamin and L-
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Figure 6 Pooled data showing peak relaxations (expressed as a % of
the histamine (hist) contraction) elicited by electrical field stimulation
(EFS; 0.2—-5 Hz, 0.2 ms duration, supramaximal voltage for 10 s) of
NANC inhibitory nerves in guinea-pig taenia coli preparations pre-
contracted with histamine (1 uM). The open columns represent the
control relaxations and the solid columns the sequential responses
obtained in the presence of a combination of apamin (0.1 yM) and
either (a) ODQ (10 um), (b) 7-ER (10 um) or (¢) HbO (30 um). The
vertical error bars represent 1 s.e.mean from 5 experiments.
Significant difference from controls denoted by *P<0.05 and
**P<0.01.
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NOARG: control; 0.2 Hz, 67.6+10.5%; 0.5 Hz, 77.3+5.5%;
5Hz, 94.6+0.7%: apamin plus L-NOARG; 0.2 Hz,
23.3+16.1%; 0.5 Hz, 16.4+11.7%; 5 Hz, 24.1+10.6%, n=0)
(Figure 5). A similar degree of inhibition of EFS-induced re-
laxations was obtained when apamin (0.1 uM) was combined
with ODQ (10 um). (Figure 6). The combination of apamin
(0.1 um) with either NaHCO; (1 mM) or DMSO (0.1%), the
solvents for L-NOARG (100 umM) and ODQ (10 uM), respec-
tively, produced no additional block of EFS-evoked relaxa-
tions than that observed by apamin alone (data not shown,
n=4).

In the presence of apamin and either HbO or 7-ER, re-
laxations to all frequencies of EFS were significantly reduced
when compared to the first control response in each case
(Figure 6). However, these differences between the first
control and second treatment responses were not sig-
nificantly different from those obtained in the absence and
presence of apamin alone (Figure 5). Although the pooled
data show that there was no additional effect of HbO over
the block caused by apamin alone (the combination of all 8
experiments gave the following mean values, control: 0.2 Hz,
91.44+1.4%; 0.5 Hz, 92.6+1.3%; 5 Hz, 86.8 +2.4%: apamin
plus HbO: 0.2 Hz, 59.8+10.0%; 0.5 Hz, 65.6+7.0%; 5 Hz,
50.3+4.0%) in 4 experiments the response to 0.2 Hz EFS
remaining after apamin and HbO was 34.4+6.3%. In the
remaining 4 experiments the block of EFS (0.2 Hz)-evoked
responses by the combination of apamin and HbO
(83.2+2.6%) was not different from that produced by
apamin alone. The peak responses to 0.5 Hz and 5 Hz field
stimulation in the presence of apamin and HbO were not as
widely scattered as those to 0.2 Hz (Figure 7).

Responses to ATP

ATP (1-30 um) caused concentration-dependent relaxations
that were reproducible after 30 min (data not shown). The time
course of these responses was similar to that evoked by EFS
(Figure 8) and they were abolished by apamin (0.1 uM), un-
affected by ODQ (10 uM) and only significantly reduced by L-
NOARG (100 um) at the lowest concentration of ATP (1 um)
used (Figure 9).

Effect of nifedipine

Maximum contractions to histamine (10 um), 67 mMm K™,
endothelin-1 (0.03 um), 5-HT (10 um) or U46619 (0.1 um)
which were all reproducible after 30 min were abolished by
nifedipine (0.3 uM) (data not shown, n=23).
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Discussion

The results of the present study suggest that whilst NO is co-
released with a non-NO, apamin-sensitive transmitter from
NANC inhibitory nerves in the guinea-pig taenia coli, it re-
mains functionally ‘silent’. This conclusion is supported by
two findings. First, inhibition of either the synthesis of NO
with the potent NO-synthase inhibitor, L-NOARG or its effect
on smooth muscle via cyclic GMP accumulation with the
selective guanylyl cyclase inhibitor, ODQ (Garthwaite et al.,
1995), had no effect on the relaxations to EFS. Furthermore,
combined treatment with ODQ and L-NOARG similarly
failed to have any inhibitory effects on these responses. The
second finding that supports a backup role for NO in NANC
inhibitory neurotransmission in the guinea-pig taenia coli was
that in the presence of apamin, both L-NOARG and ODQ
caused marked inhibition of relaxations to EFS. Together
these results imply that although NO did not contribute to the
inhibitory response to NANC nerve stimulation, it was con-
comitantly released with the dominant, apamin-sensitive
transmitter. Another possible explanation for the lack of
contribution of NO to NANC relaxations is that the apamin-
sensitive transmitter causes relaxation of the taenia coli as well
as inhibition of the release of NO also via an apamin-sensitive
mechanism.

The reason for the use of combination treatments involving
L-NOARG and NO inhibitors was to determine whether L-
NOARG alone blocked the production of NO. The similar
degree of block of apamin-resistant responses by both L-
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Figure 8 Digitized trace of original chart recording showing second
response time control to (a) 1 um, (b) 10 um, (c) 30 um ATP for 10 s
in the guinea-pig taenia coli pre-contracted with histamine (H; 1 um).
Note the time course of the relaxations are similar to those evoked by
electrical field stimulation (see Figure 1). The breaks in the traces
represent 30 min.
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Figure 7 Scattergraphs showing the individual data of peak relaxations (expressed as a % of the histamine (hist) contraction)
elicited by electrical field stimulation (EFS; 0.2—5 Hz, 0.2 ms duration, supramaximal voltage for 10 s) of NANC inhibitory nerves
of guinea-pig isolated taenia coli contracted with histamine (1 uM). Relaxations to EFS in preparations treated with (a) apamin
(0.1 um, n=>5, same data as in Figure 5) have been shown for comparison with those treated with (b) a combination of apamin
(0.1 pum) and HbO (30 um, n=38, same data as in Figure 6¢). In both (a) and (b), open (control) and solid (treated) symbols denote
individual responses to ((J, W) 0.2 Hz, (A, A) 0.5 Hz and (O, @) 5 Hz.
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Figure 9 Pooled data showing peak relaxations (expressed as a % of
the histamine (hist) contraction) to ATP in preparations of guinea-
pig taenia coli pre-contracted with histamine (1 um). The open
columns represent the control relaxations and the solid columns the
sequential responses obtained in the presence of (a) no drug
treatment (time control, n=6), (b) apamin (0.1 um, n=4), (c) L-
NOARG (100 um, n=10) and (d) ODQ (10 um, n=6). Vertical error
bars represent 1 s.e.mean. Significant difference from controls
denoted by *P<0.05 and **P<0.01.

NOARG and ODQ combined with the finding that ODQ
abolished the relaxation to SNP, strongly supports the con-
clusion that L-NOARG abolished NOS activation during
NANC nerve stimulation in the guinea-pig taenia coli. How-
ever, the results obtained with the other NO inhibitors ex-
amined here, i.e. 7-ER and HbO, did not support this
conclusion even though like ODQ both 7-ER and HbO
blocked the relaxation to SNP. 7-ER, which is thought to in-
hibit NO through its ability to generate O, radicals, has been
shown to inhibit nitrergically mediated responses in the rat
anococcygeus muscle (Li & Rand, 1996). However, Martin et
al. (1994) found in the bovine retractor penis that an exogen-
ous O,  radical generating system abolished responses to
exogenous NO but only blocked responses to NANC nerve-
derived NO if endogenous superoxide dismutase (SOD) was
first inhibited. From these findings, Martin et al. (1994) sug-
gested that endogenous SOD acted to protect neurally released
NO from degradation by O, radicals, at least in the bovine
retractor penis muscle. A similar mechanism for protection by
SOD of neurally released NO from O, radicals in the guinea-
pig taenia coli may explain why 7-ER was ineffective in re-
moving endogenous NO in this tissue.

Although the group data for HbO plus apamin indicated
that HbO also failed to improve the inhibition of NANC re-
laxations by apamin significantly, in half of the preparations
examined it caused further block of the response at low fre-
quency stimulation to a similar degree as L-NOARG. In the
remaining half of the preparations, HbO had no effect on the
block by apamin. Although the precise reason for this varia-
bility in block of apamin-resistant responses by HbO is un-
known, it may relate to either the accessibility of HbO to or the
rate of diffusion of NO within the neuroeffector junction, as
has been evoked to explain a similar lack of effect of other NO-
inactivating agents against nitrergic responses in the gut
(Wood & Garthwaite, 1994). Such an explanation implies that
when both the amount and consequently the rate of diffusion
of neurally released NO are low at the neuroeffector junction,
as may occur with low frequencies of stimulation, the prob-
ability of HbO binding to NO would be greater than that at
higher frequencies of stimulation.

A similar functional backup system for NO released from
NANC inhibitory nerves described here for the guinea-pig
taenia coli has been demonstrated in the rat anococcygeus
(Selemidis & Cocks, 1997), a smooth muscle preparation pre-
viously regarded to be innervated solely by nitrergic nerves
(Gillespie et al., 1989; Li & Rand, 1989; Hobbs & Gibson,
1990; Liu et al., 1991; Rand, 1992; Rand & Li, 1995). Thus,
like the guinea-pig taeni coli, NO was found to play little role
in NANC-mediated relaxation of the rat anococcygeus (Sele-
midis & Cocks, 1997), since both L-NOARG and HbO had no
effect on these responses. However, block of hyperpolariza-
tion-mediated relaxations due to NDHF with nifedipine in the
anococcygeus unmasked relaxations mediated by NO which
compensated for approximately half of the maximum re-
sponse.

The mechanism via which gut smooth muscle preparations
are contracted may be important when considering the potency
of nitrergic-mediated relaxations (Gibson et al., 1994) and
redundancy of smooth muscle relaxing factors (Selemidis &
Cocks, 1997). In the present study, the guinea-pig taenia coli
was contracted apparently only by depolarization-dependent
mechanisms, since contractions to a range of agents as well as
K™ -depolarization were blocked by nifedipine. However, in
the rat anococcygeus higher concentrations of phenylephrine
still caused near-maximum contractions after nifedipine, which
again abolished contractions to K* -depolarization (Selemidis
& Cocks, 1997). Thus, in the rat anococcygeus, any relaxation
to EFS in the presence of nifedipine was probably due to a
NO-dependent, hyperpolarization-independent mechanism.
By contrast, since all the contractile response to histamine in
the guinea-pig taenia coli was due to depolarization-induced
Ca?" influx, any NO-dependent relaxations to EFS after block
of small conductance K™ channels with apamin probably in-
volved hyperpolarization.

NO has been shown to mediate relaxation of gastro-
intestinal smooth muscle via both cyclic GMP-dependent and
independent mechanisms which may be both ionic (hyperpo-
larization) (Du et al., 1991; Robertson et al., 1993; Archer et
al., 1994; Hampl et al., 1995; Koh et al., 1995; Watson et al.,
1996; Yamakage et al., 1996) or non-ionic (metabotropic)
(Selemidis & Cocks, 1997). The apamin-insensitive K* channel
which most likely mediates hyperpolarization and underlies the
relaxation to NO in the guinea-pig taenia coli is probably
regulated by cyclic GMP, since ODQ caused the same degree
of block of apamin-insensitive responses as L-NOARG.
However, cyclic GMP is unlikely to regulate the apamin-sen-
sitive channel since apamin-sensitive relaxation to ATP was
unaffected by ODQ. A similar ability of NO to hyperpolarize
gut smooth muscle via an apamin-insensitive, cyclic GMP-
dependent K* channel has been shown in the guinea-pig
proximal colon (Watson et al., 1996). The type of K* channel
which mediated any NO-mediated hyperpolarization and re-
laxation in the rat anococcygeus was not examined in our
previous study (Selemidis & Cocks, 1997). However, if K*
channels were involved, then they may have also been cy-
clic GMP-dependent since relaxations to SNP were partially
blocked by ODQ (Selemidis & Cocks, unpublished observa-
tions).

Thus, as in our earlier study (Selemidis & Cocks, 1997), we
propose that a non-NO, hyperpolarizing factor, NDHF, which
mediates relaxation via non-selective activation of K™ chan-
nels, is the dominant NANC transmitter in the guinea-pig
taenia coli. However, NO is co-released with NDHF and can
mediate relaxation via hyperpolarization-and non-hyperpo-
larization-dependent mechanisms, both of which are depen-
dent on cyclic GMP. Whether NO is able to contribute to
smooth muscle relaxation depends on how the tissue is either
contracted, or the sensitivity and activity of the K™ channels it
activates compared to those activated by NDHF. For example,
the NDHF-activated, apamin-sensitive, K channel in the
guinea-pig taenia coli mediates approximately 80% of the re-
laxation to NANC nerve stimulation. If NO is co-released with
NDHF, then the cyclic GMP-dependent K* channel it acti-
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vates either has a longer latency or higher threshold for
opening than that for the apamin-sensitive channel, or it is in
some way inactivated by NDHF.

Since we were unable to contract the guinea-pig taenia coli
with any agent in the presence of nifedipine we could not assess
any metabotropic role for NO in mediating relaxation, as we
could in the rat anococcygeus. Also, we did not address the
identity of NDHF either here or in our previous study in the
rat anococcygeus. However, in the guinea-pig taenia coli, the
similar time course of relaxations to ATP and those to NANC
nerve stimulation as well as the abolition of ATP-mediated
relaxation with apamin, is consistent with previous suggestions
that ATP is a NANC transmitter, at least in this tissue
(Burnstock, 1972; Ferraro et al., 1980; Costa et al., 1986; Den
Hertog et al., 1989; Hoyle et al., 1990; Burnstock, 1990). Since
PACAP-mediated relaxations in the guinea-pig taenia coli are
also similar to those to NANC nerve stimulation and are
blocked by apamin (Schworer et al., 1992), it too needs to be
considered as a candidate for NDHF.

Finally, contrary to previous studies (Knudsen & Tottrup,
1992; Ward et al., 1996), we failed to demonstrate any block of
relaxations to EFS in the guinea-pig taenia coli with L-
NOARG in the absence of atropine. By definition, EFS in the
absence of atropine no longer represents NANC conditions.
As such, the claim by Ward et al. (1996) that L-NOARG in-
hibited to a small, but significant degree, responses to NANC
nerve stimulation only in the absence of atropine, needs to be
considered with caution. Furthermore, their data also showed
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