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1 Electrical ®eld stimulation (EFS) (1 ± 10 Hz, 30 V, 2 ms) of frog oesophageal body strips resulted in
frequency-dependent non-adrenergic, non-cholinergic (NANC) relaxations.

2 Tetrodotoxin (TTX) (1076 ± 1075
M) had no e�ect on EFS evoked relaxations with a 2 ms pulse

width. At a pulse width of 0.5 ms only the responses to the highest frequency (10 Hz) were signi®cantly
inhibited by TTX at 1075

M. Relaxations at the 2 ms pulse width were una�ected by o-conotoxin
(1076

M), nifedipine (1076
M) or cobalt (561074

M).

3 NG-nitro-L-arginine (L-NOARG) (1076 ± 1074
M), a nitric oxide synthase (NOS) inhibitor, caused a

concentration-dependent inhibition of the EFS-induced NANC relaxant responses. The inhibitory e�ect
of L-NOARG was both prevented and reversed by L-arginine but not D-arginine (561073

M).

4 The phosphodiesterase type V inhibitor (PDE V), SK&F 96231 (1077 ± 1074
M), caused a

concentration-dependent potentiation of both the percentage relaxation and the duration of the relaxant
responses to EFS.

5 ODQ (1077 ± 1075
M), a guanylate cyclase inhibitor, produced a concentration-dependent inhibition

of EFS-evoked NANC relaxations.

6 Oxyhaemoglobin (1076
M), which binds nitric oxide (NO), inhibited NANC relaxations to EFS.

7 The NO donor sodium nitroprusside (SNP) (1078 ± 1074
M) produced a concentration-dependent

inhibition of evoked tone. L-NOARG (1074
M) had no e�ect on the SNP evoked relaxations.

Preincubation with oxyhaemoglobin (1076
M) caused a reduction in the SNP (1076 ± 1075

M) induced
relaxations.

8 These results suggest NO is the relaxant transmitter of the frog oesophageal body and the source of
NO may be non-neuronal.

Keywords: frog oesophagus; nitric oxide (NO); non-adrenergic, non-cholinergic (NANC); guanylate cyclase (GC);
phosphodiesterase; guanosine 3':5'-cyclic monophosphate (cyclic GMP); SK&F 96231; NG-nitro-L-arginine (L-
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Introduction

Non-adrenergic, non-cholinergic (NANC) neurones play an
important role in the inhibitory innervation of the gastroin-
testinal tract (Burnstock & Costa, 1973). However, the nature
of the inhibitory transmitter of these NANC nerves has been
the subject of considerable debate. A number of studies have
supported a role for vasoactive intestinal polypeptide (VIP)
(Grider & Makhlouf, 1986; D'Amato et al., 1988; Grider &
Rivier, 1990) while others have provided evidence that ade-
nosine 5' triphosphate (ATP) is the inhibitory transmitter in
certain gastrointestinal tissues (Burnstock et al., 1978; Satchell,
1981). More recently there has been increasing evidence that
nitric oxide (NO) is an important NANC inhibitory trans-
mitter in the gastrointestinal tract (Boeckxstaens et al., 1990;
Osthaus & Galligan, 1992; Williams & Parsons, 1995) includ-
ing the oesophagus (Tùttrup et al., 1991; Knudsen et al., 1993).

NO has been shown to have a role in several oesophageal
functions including relaxation of the lower oesophageal
sphincter (LOS) (Knudsen et al., 1992), controlling the latency
of the `o�' contraction (Murray et al., 1991; Yamato et al.,
1992) and the timing of swallow induced oesophageal peri-
stalsis (Yamato et al., 1992). Further support for the role of
NO is provided by the presence of nitric oxide synthase (NOS)
activity in the tissue (Ny et al., 1995; Singaram et al., 1995), the
release of NO on NANC nerve stimulation (Murray et al.,
1994) and an increase in the second messenger used by NO,
guanosine 3'-5'-cyclic monophosphate (cyclic GMP) during
stimulation (Torphy et al., 1986). There are also a number of
oesophageal motor disorders in which disturbances in the NO

inhibitory transmitter system have been implicated, for ex-
ample di�use oesophageal spasm (Konturek et al., 1995),
achalasia (Wong et al., 1987) and congenital oesophageal ste-
nosis (Singaram et al., 1995).

The majority of investigations into oesophageal motility
have used the opossum as an animal model because of the
similarity in the oesophageal muscle arrangement to man. The
human oesophageal body proximally consists of striated
muscle which is gradually replaced by smooth muscle so that
the lower third to half is entirely smooth muscle (Goyal &
Paterson, 1989). The striated muscle segment is under central
control whereas the smooth muscle is under both central and
intrinsic control. Electrical stimulation of the oesophagus
when the vagal nerves have been severed leads to contractions
in the striated muscle and peristalsis in the smooth muscle
portion (Mukhopadhyay & Weisbrodt, 1975) demonstrating
the importance of the smooth muscle and its intrinsic inner-
vation in the co-ordination of oesophageal peristalsis.

In this study the possible role of NO in the oesophageal
motility of the frog was investigated. The frog oesophagus, as
in birds, reptiles and other amphibia, consists entirely of
smooth muscle (Ingle®nger, 1958) which may make it a good
model for the human lower oesophagus because of the im-
portance of the smooth muscle and its intrinsic innervation in
the co-ordination of oesophageal peristalsis.

Methods

Frogs of either sex, weighing 15 ± 25 g, were stunned, decapi-
tated and had their spinal cord destroyed (pithed). The oeso-
phagus was removed via a midline incision and opened1Author for correspondence.
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lengthwise. Strips of muscle measuring 10 ± 15 mm in length
and 2 ± 3 mm wide were cut in the circumferential axis of the
oesophagus. The strips were suspended in 15 ml organ baths
between paired platinum ring electrodes. One end was at-
tached to the bottom of the bath and the other to a force
displacement transducer (Dynamometer UF1). The transducer
was connected to a recorder (Lectromed 5041) via a pream-
pli®er (Lectromed 3552) to record changes in isometric ten-
sion.

The organ baths were ®lled with Tyrode solution (compo-
sition mM: NaCl 137, KCl 2.7, CaCl2 1.8, MgCl2 0.88, NaH2-

PO4 0.36, NaHCO3 12.0 and glucose 5.5) containing indome-
thacin and guanethidine, both at 1076

M. The tissues were
placed under a tension of 1 g at room temperature, aerated
with 95% O2 and 5% CO2 and allowed to equilibrate for at
least 1 h with frequent washing. After the equilibration period
the tissues were contracted with 1075

M carbachol, a concen-
tration which produced a maximal contraction. Once a plateau
was established the preparations were stimulated via the pla-
tinum ring electrodes by a Grass S11 stimulator. This electrical
®eld stimulation (EFS) ensured that all the neuronal elements
within the tissue were stimulated.

Experimental design

The ®rst set of experiments involved the construction of ran-
dom frequency-response curves to electrical ®eld stimulation
(1 ± 10 Hz, 30 V, 2 ms pulse width for 10 s every 5 min). Two
experimental designs were used: (a) two random frequency-
response curves separated by a 30 min interval and (b) one
random frequency-response curve followed by washout and
recontraction with carbachol 30 min later and then a second
curve constructed.

Responses to a range of stimulus parameters (1 ± 10 Hz,
30 V, 0.5 ± 2 ms pulse width, 10 s every 5 min) were studied in
the absence and presence of 1076

M or 1075
M tetrodotoxin

(TTX) by use of a 10 min incubation between control and test
random frequency-response curves. The same protocol was
used to investigate the in¯uence of o-conotoxin (1076

M), an
N type calcium channel blocker, and cobalt (561074

M) an
inorganic calcium channel blocker. The L type calcium channel
blocker, nifedipine (1076

M), was studied in the same design
but in tissues contracted with U46619 (1077

M), because it
relaxed carbachol-evoked tone.

Another series of experiments investigated the e�ect of the
nitric oxide synthase inhibitor L-NOARG. Tissues were incu-
bated with NG-nitro-L-arginine (L-NOARG) (1076 ± 1074

M)
for 25 min (the time was obtained from preliminary experi-
ments) between two random frequency-response curves. These
experiments were repeated with D-NOARG (1074

M). Ran-
dom frequency-response curves were constructed in the ab-
sence and presence of L-NOARG and L-arginine in two sets of
experiments. The ®rst series of experiments consisted of a
control curve followed by incubation with L-arginine
(561073

M) for 15 min then a second curve followed by in-
cubation with L-NOARG (1074

M) (in the presence of L-ar-
ginine) for 25 min before a third curve. In the second series a
control curve was established followed by incubation with L-
NOARG. A second curve was established in the presence of L-
NOARG followed by incubation with L-arginine (in the pre-
sence of L-NOARG) before a third curve. These experiments
were repeated with D-arginine.

Because SK&F 96231 alone produced a reduction in car-
bachol-evoked tone it was examined by establishing a control
curve to EFS, washing out the carbachol, equilibrating with
SK&F 96231 (1077 ± 1074

M) for 25 min (the time was ob-
tained from preliminary experiments), recontracting the tissue
and constructing the test curve. In this SK&F 96231 design no
signi®cant reduction in carbachol evoked tone was observed.

The e�ects of the guanylate cyclase inhibitor, ODQ (30 min,
1077 ± 1075

M) and oxyhaemoglobin (10 min, 1076
M), which

binds NO, were studied with the same protocol as for L-
NOARG.

Concentration-response curves to sodium nitroprusside
(SNP, 1078 ± 1074

M) were constructed by contracting the tis-
sues and applying a single concentration of SNP then washing
out when the tissue had returned to the control contracted
level. This was repeated for the other concentrations. The ef-
fect of L-NOARG (1074

M) on SNP concentration-response
curves was studied by incubating for 25 min before the SNP
applications. The e�ect of oxyhaemoglobin (1076

M) on re-
laxations evoked by SNP (1076 or 1075

M) was examined by
use of a 10 min incubation before the addition of SNP to the
organ bath.

Drugs

The following drugs were used: D-arginine, L-arginine, atro-
pine sulphate, carbamylcholine chloride (carbachol), guane-
thidine sulphate, haemoglobin, indomethacin, nifedipine, D-
NOARG, L-NOARG, SNP (sodium nitroprusside), TTX (te-
trodotoxin) (Sigma, Poole, Dorset), cobalt (BDH, Lutter-
worth, Leicester), ODQ ([1,2,4] oxadiazolo[4,3-a] quinoxalin-
1-one) (Tocris Cookson, Langford, Bristol), SK&F 96231 (2-
(2-propoxyphenyl)-6-purinone) (synthesized and kindly dona-
ted by SmithKline and Beecham, Welwyn, Hertfordshire),
U46619 (5Z,9a,11a,13E,15(S))-15-hydroxy-9(11)-methanoe-
poxyprosta-5,13-dien-1-oic acid) (Cascade Biochem Ltd,
Reading, Berkshire).

PBS (phosphate bu�ered saline); 0.7 g NaH2PO4H2O,
4.36 g Na2HPO4H2O, 17.04 g NaCl, distilled water to 2 l and
pH to 7.4.

All drugs were dissolved in distilled water with the excep-
tion of indomethacin, nifedipine, D-NOARG, L-NOARG,
SK&F 96231, ODQ and U46619. Indomethacin (1072

M) and
U46619 (1074

M) stock solutions were made up in ethanol,
nifedipine (1072

M) stock solution was made up in acetone, D-
NOARG (1072

M) and L-NOARG (1072
M) were dissolved in

65 mM HCl, ODQ stock solution (1072
M) was made up in

DMSO (dimethyl sulphoxide), and SK&F 96231 (1072
M) was

dissolved in 1 M NaOH.
The oxyhaemoglobin stock solution was prepared accord-

ing to Martin et al. (1986). The basic method was to make a
stock solution of lyophilized haemoglobin, which is predomi-
nantly methaemoglobin, and then dialyse it at 48C against
PBS. PBS was used because of the low pH of the available
distilled water. Spectrophotometry was used to ascertain
whether the haemoglobin was now oxyhaemoglobin and to
determine the concentration of the stock solution.

The volume added to the bath did not exceed 1% of the
total volume and the concentrations presented are ®nal bath
concentrations. All appropriate time and solvent controls were
performed (all n=5) and no signi®cant changes were found.

Presentation and statistical analysis of results

Results are expressed as a percentage relaxation of the agonist-
induced contraction, with the maximum fall in tension, for
each individual response curve and are quoted as mean+s.e.-
mean for the number of animals stated. The statistical analysis
performed was Student's two tailed t test for paired data. P
values of less than 0.05 were considered statistically signi®cant.

Results

Carbachol (1075
M), in the presence of indomethacin and

guanethidine (both at 1076
M), produced a maximal and stable

contraction of frog oesophageal body strips (0.80 g+0.05,
n=15). EFS of these contracted tissues resulted in frequency-
dependent NANC relaxations of the circular muscle. These
relaxations were generally transient in nature and were often
followed by small rebound contractions. Although the onset of
relaxation and the time to peak e�ect was always rapid there
was some variability in the duration of the response. The re-
producibility of two random frequency-response curves, in
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either of the experimental designs investigated (both n=15),
demonstrated that they were suitable for examining the e�ect
of compounds on these NANC relaxant responses.

At a concentration of 1076
M, TTX did not e�ect the EFS-

evoked relaxations at any frequency or pulse width studied
(n=6). The higher concentration of TTX (1075

M) had no
e�ect on the NANC relaxant response at 2 ms pulse width
(n=7) but at 0.5 ms the responses to the highest frequency
(10 Hz) were slightly reduced but not abolished (n=7) (Table
1). Relaxations to EFS at the 2 ms pulse width were also un-
a�ected by o conotoxin (1076

M, n=5), nifedipine (1076
M,

n=5) and cobalt (561074
M, n=5) (data not shown).

L-NOARG caused a small, transient increase in carbachol-
evoked tone for 5 ± 10 min (0.56 g+0.03 to 0.64 g+0.03,
P50.001) in approximately half of the experiments. The e�ect
of L-NOARG (1074

M, 25 min) on random frequency-re-
sponse curves was to abolish completely the EFS-evoked re-
laxations at all frequencies studied (n=7) and the relaxations
were replaced by frequency-related contractions (Figure 1).
When the experiments were repeated with other concentrations
of L-NOARG (1076 and 1075

M), it was found that the inhi-
bition was concentration-related with 1076

M being the lowest
concentration to cause a signi®cant inhibition (Figure 2), for
example at 8 Hz there was a 16.6%+1.44 inhibition. When
these experiments were repeated with D-NOARG (1074

M,
25 min) there was no signi®cant di�erence between control and
test random frequency-response curves (n=6) (data not
shown).

L-Arginine alone had no e�ect on EFS-induced relaxations
but it did cause a transient increase in carbachol-evoked tone
of 0.15 g+0.02 for 5 ± 10 min. Incubation with L-arginine

(561073
M, 15 min) was able both to prevent (n=6) and re-

verse (n=6) completely the inhibitory action of 1074
M L-

NOARG on random frequency-response curves. In contrast,
D-arginine (561073

M, 15 min) neither prevented (n=5) nor
reversed (n=5), the L-NOARG inhibition of NANC relaxa-
tions (data not shown) but it did cause a transient increase in
the evoked tone of 0.16 g+0.03 for 5 ± 10 min.

The PDE V inhibitor, SK&F 96231, caused a decrease in
carbachol-induced tone and therefore it was studied with a

Table 1 The e�ect of tetrodotoxin on electrical ®eld stimulation-induced relaxations

Pulse width
Frequency 0.5 ms 2 ms
(Hz) Control relaxation (%) Test relaxation (%) Control relaxation (%) Test relaxation (%)

1
2
4
8
10

30.37+3.82
38.90+4.57
42.35+4.89
48.85+5.28
55.07+5.44

27.20+4.06
34.64+4.66
39.68+5.82
43.04+6.49
46.83+6.10*

32.22+3.71
39.68+4.02
45.98+5.07
52.16+3.99
57.72+4.44

31.35+4.07
41.09+4.56
45.81+4.49
53.09+4.48
55.56+4.33

Random frequency-response curves, 30 V for 10 s every 5 min at 0.5 ms (n=7) or 2 ms (n=7) pulse width, in the absence and presence
of 1075

M TTX (10 min). Values are mean with s.e.mean percentage relaxations of carbachol (1075
M) evoked tone. *P50.05

signi®cantly di�erent from controls (Student's t test for paired observations).
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Figure 1 Original recording of frog oesophageal body circular strips contracted with 1075
M carbachol (C) in the presence of

indomethacin and guanethidine (both at 1076
M) showing responses to electrical ®eld stimulation (30 V, 2 ms, 1 ± 10 Hz for 10 s

every 5 min) in the absence and presence of L-NOARG (1074
M, 25 min).
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Figure 2 Random frequency-response curves (30 V, 2 ms, 1 ± 10 Hz
for 10 s every 5 min) for tissues contracted with carbachol (1075

M)
in the presence of indomethacin and guanethidine (both at 1076

M).
Curves constructed in the absence and presence of L-NOARG,
25 min. Values are mean with vertical lines showing s.e.mean.
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wash and incubation period between random frequency-re-
sponse curves. SK&F 96231 (1075

M, 25 min) (n=6) caused an
increase in both the percentage relaxation and the duration of
the relaxant responses at all frequencies (Figure 3). For ex-
ample the percentage relaxation to 10 Hz was increased by
40+8.34% and the duration of the response was increased
from 0.7 min+0.04 to 1.81 min+0.09 (n=6). Further experi-
ments demonstrated that the e�ect of SK&F 96231 was con-
centration-dependent with 1077

M being the lowest concen-
tration to have a signi®cant potentiating action (Figure 4).
With the highest concentration of SK&F 96231 (1074

M) used
the relaxant response to stimulation at 10 Hz was over 100%,
i.e. some relaxation of the basal tone was seen.

Investigations were carried out with the relatively selective
inhibitor of NO sensitive guanylate cyclase (GC), ODQ. ODQ
(30 min) had no e�ect on the carbachol-induced contraction
and produced a concentration-related inhibition of EFS-
evoked relaxations at all the frequencies tested with 1077

M

being threshold and 1075
M causing complete abolition (Fig-

ure 5). When the EFS-evoked relaxant responses were abol-
ished by ODQ they were replaced by frequency-dependent
contractions.

The e�ect of haemoglobin (1076
M, 10 min), which binds

NO, on random frequency-response curves was a signi®cant
reduction at all the frequencies studied (n=6) (Figure 6), for
example a reduction of 78.25+8.38% at 10 Hz. On some oc-

casions haemoglobin addition resulted in abolition of EFS-
evoked relaxant responses at all frequencies and in these in-
stances the relaxations were replaced by contractions.

The tissues responded to SNP, the NO donor, with con-
centration-dependent relaxations. Preincubation with L-
NOARG (1074

M) had no inhibitory e�ect on the SNP-in-
duced relaxations (n=5). Experiments to investigate the e�ect
of haemoglobin (1076

M) on SNP-induced relaxations found
that there was a signi®cant reduction in the percentage re-
laxation but there was no e�ect on the duration of the relaxant
response (n=6). Haemoglobin produced a mean reduction in
the response to 1076

M SNP of 52.8+5.1% (n=6) and to
1075

M SNP of 32.4+5.5% (n=6). For comparison, the re-
sponse to EFS at 2 Hz, which produced a similar percentage
relaxation to that evoked by 1076

M SNP, was inhibited by
85.13+6.31%.

Discussion

Strips of frog oesophageal body circular muscle, contracted
with carbachol, responded to EFS with frequency-dependent
NANC relaxations of a transient nature. Few studies have
looked at the e�ect of EFS on contracted oesophageal body
preparations, but when this has been investigated, for example,
in the cat (Behar et al., 1989) and human oesophagus (Tùttrup
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Figure 3 Original recording of frog oesophageal body circular strips contracted with 1075
M carbachol (C) in the presence of indomethacin and

guanethidine (both at 1076
M) showing responses to electrical ®eld stimulation (30 V, 2 ms, 1 ± 10 Hz for 10 s every 5 min) in the absence and

presence of SK&F 96231 (1075
M, 25 min).
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Figure 4 Random frequency-response curves (30 V, 2 ms, 1 ± 10 Hz
for 10 s every 5 min) in the absence and presence of SK&F 96231.
Tissues were washed and preincubated for 25 min between the two
curves. Values are mean with vertical lines showing s.e.mean.
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Figure 5 Random frequency-response curves (30 V, 2 ms, 1 ± 10 Hz
for 10 s every 5 min) in the absence and presence of ODQ (30 min).
Values are mean with vertical lines showing s.e.mean.
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et al., 1990), it was found that EFS resulted in relaxations.
These ®ndings are in agreement with those presented here for
the frog oesophagus.

The failure of even a high concentration (1075
M) of TTX to

abolish these relaxant responses suggests in the main that the
responses do not involve the opening of Na+ channels. How-
ever, there is evidence that some Na+ channels are resistant to
TTX (Yoshida, 1994) but these can be blocked by inorganic
calcium channel blockers such as cadmium and cobalt. How-
ever, in this study cobalt did not inhibit the EFS-evoked re-
laxations. These NANC relaxations of the frog oesophageal
body may involve other ion channels. o Conotoxin, an N type
Ca2+ channel blocker and nifedipine, an L type Ca2+ channel
blocker did not inhibit the relaxant responses which suggests
Ca2+ channels are not involved.

Investigations by Daniel et al. (1979) in the opossum LOS
found that EFS, in the presence of TTX, at pulse widths
greater than 3 ms and up to 20 ms, resulted in relaxations.
EFS at longer pulse widths can directly stimulate muscle and
cause contraction, which was the anticipated result, but not the
TTX-insensitive relaxations observed. Studies by these work-
ers with black widow spider venom suggested these relaxant
responses were not myogenic. Daniel et al. (1979) suggested
that at the range of pulse widths which produced relaxations, a
structure with a time constant longer than that required to
stimulate axons was stimulated to release an inhibitory sub-
stance. These structures were later identi®ed as interstitial cells
(Daniel & Daniel-Posey, 1984). The pulse duration time em-
ployed for frog oesophageal body in the present study was
2 ms and, although this is not quite as long as that used by
Daniel et al. (1979), it may be long enough to stimulate in-
terstitial cells if they are present in the frog oesophagus.

The NOS inhibitor L-NOARG produced a small, transient
increase in the induced tone in approximately half the tissues.
An L-NOARG-induced increase in basal or induced tone has
been observed in a number of other gastrointestinal smooth
muscle tissues, for example in the rat gastric fundus (Boeckx-
staens et al., 1991a; D'Amato et al., 1992a) and canine ileo-
colonic junction (Boeckxstaens et al., 1991b). This increase in
tone in the presence of L-NOARG could be interpreted as
uncovering a tonic inhibitory in¯uence of endogenous NO or a
direct action by L-NOARG on smooth muscle.

L-NOARG produced a concentration-dependent inhibition
of EFS-evoked relaxations with a complete abolition at all
frequencies with 1074

M. In contrast, the inactive isomer D-
NOARG had no e�ect on tone or relaxations to EFS. There
have been other studies showing a complete abolition of
NANC relaxant responses with L-NOARG, for example
Tùttrup et al. (1991) with the opossum LOS and Huizinga et
al. (1992) in the canine colon. This total inhibition of EFS-
induced NANC relaxations could indicate that NO is the sole

transmitter in the frog oesophagus and the other tissues. Most
investigators have found only partial inhibition of NANC re-
laxant responses of smooth muscle of the gastrointestinal tract
by L-NOARG, for example the canine ileocolonic junction
(Boeckxstaens et al., 1990), rat gastric fundus and guinea-pig
ileal longitudinal muscle (Williams & Parsons, 1995). These
studies suggested that NO was not the sole transmitter med-
iating these NANC relaxant responses.

The inhibitory e�ect of L-NOARG was completely reversed
or prevented by an excess of the substrate of NO biosynthesis,
L-arginine, but not D-arginine. Some investigators have found
only a partial antagonism by L-arginine of inhibition produced
by L-arginine substituted analogue NOS inhibitors (Osthaus &
Galligan, 1992; Williams & Parsons, 1995), whereas others
have found complete antagonism (Gibson et al., 1990;
Boeckxstaens et al., 1991b). In the present studies the complete
reversal and prevention by L-arginine of the inhibitory e�ect of
L-NOARG and the ine�ectiveness of D-arginine supports a
selective NOS inhibition in this study. Further support is
provided by the use of SNP, an NO donor, which caused
concentration-dependent relaxations which were una�ected by
L-NOARG. This demonstrates that the ability of the smooth
muscle to relax is not altered by L-NOARG. Taken together
these ®ndings suggest L-NOARG is acting speci®cally on the
transmitter system, i.e. NO production from L-arginine by
NOS, and not producing a non-speci®c postjunctional e�ect.
In the current studies L-arginine caused a small transient in-
crease in the agonist-evoked tone, but this would appear to be
a non-speci®c e�ect because D-arginine also caused an increase
in contracted tone. Haemoglobin, in the oxyhaemoglobin
form, is frequently employed as a tool to assess the involve-
ment of NO in NANC transmission. Haemoglobin inhibits
NO activity because of the high a�nity the haem group has for
NO (Gibson & Roughton, 1957). In the studies described here,
haemoglobin caused, for example, an 84% inhibition of EFS-
induced NANC relaxations at 10 Hz, and on some occasions a
complete abolition. These ®ndings support a role for NO or an
NO related compound being the transmitter involved in these
relaxations. The results presented here compare well with those
obtained by a number of other investigators, for example with
the mouse anococcygeus Gibson et al. (1992) found an 87%
inhibition of NANC relaxations and Knudsen et al. (1992)
around a 70% reduction with the opossum LOS. Incomplete
inhibition could re¯ect some lack of tissue penetration by
haemoglobin because of its large molecular size or the invol-
vement of another transmitter. The results obtained with NOS
inhibitors and haemoglobin strongly support NO being the
NANC inhibitory transmitter in the frog oesophageal body.

NO activates guanylyl cyclase (GC) and increases cyclic
GMP levels (Arnold et al., 1977) and there is evidence that an
increase in cyclic GMP levels is associated with relaxation of
gastrointestinal tissues when enteric nerves are stimulated. This
has been demonstrated in, for example, human LOS (Barnette
et al., 1991), canine internal anal sphincter (Grous et al., 1991)
and opossum LOS (Torphy et al., 1986; Barnette et al., 1989).
The metabolism of cyclic nucleotides is mediated by the
phosphodiesterase (PDE) family of isoenzymes with cyclic
GMP metabolism mainly due to the PDE V isoenzyme. If
cyclic GMP breakdown was prevented by PDE V inhibition,
increased availability of cyclic GMP would be expected to
result in a potentiation of the size and/or duration of relaxant
responses which involved a transmitter, e.g. NO that used this
transduction pathway. In this study the relatively selective
PDE V inhibitor SK&F 96231 (Murray, 1993) was investiga-
ted. SK&F 96231 alone caused a decrease in carbachol-in-
duced tone, which may re¯ect an ongoing tonic turnover of
cyclic GMP. A decrease in tone of vascular and non-vascular
tissues caused by PDE V inhibitors has been observed by other
investigators, for example Barbier & Lefebvre (1992), Martin
et al. (1986), Gibson & Mirzazadeh (1989) and Williams &
Parsons (1995). SK&F 96231 increased both the size and the
duration of electrically-induced relaxations. The magnitude of
the potentiation caused by SK&F 96231 was larger than that
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observed in other studies. For example previous studies by
Williams & Parsons (1995) found a 75% increase in NANC
relaxant response of the rat fundal strip and Gibson & Mir-
zazadeh (1989) found that zaprinast, another PDE V inhibitor,
produced a 58% increase in NANC nerve-induced relaxations
of the mouse anococcygeus.

With the possible exception of atrial natriuretic peptide
(ANP) and carbon monoxide, NO is the only transmitter in the
gatrointestinal tract which uses cyclic GMP as its second
messenger system. ANP can also induce smooth muscle re-
laxation which is associated with a rise in cyclic GMP (Fiscus
et al., 1985) but ANP activates particulate GC (Waldman et
al., 1984) and NO activates soluble GC (Waldman & Murad,
1987). Investigations here used the potent and relatively se-
lective inhibitor of NO sensitive GC, ODQ (Garthwaite et al.,
1995). This compound has been shown to have no e�ect on
cyclic GMP-independent relaxations produced for example by
isoprenaline. ODQ produced a concentration-dependent inhi-
bition of electrically-induced NANC relaxations with a com-
plete abolition at 1075

M. The results obtained with SK&F
92631 and ODQ support the involvement of GC activation of
cyclic GMP in the frog oesophageal body in NANC relaxa-
tions.

The data presented provide substantial evidence to support
NO being the NANC transmitter of the frog oesophagus and
this is in agreement with other studies in di�erent species.
However, the source of NO in this tissue has not been identi-
®ed. The lack of e�ect of TTX and the calcium channel
blockers could suggest that the NO is from a non-neuronal
location. NO release from non-neuronal sources has been
previously demonstrated. Grider et al. (1992) in isolated gastric

smooth muscle cells found VIP caused relaxation and stimu-
lated NO production in the target cells. They suggested VIP
stimulates NO production in the muscle cells and that this NO
can both relax the smooth muscle cells directly and di�use
from them to enhance VIP release from neurones presynapti-
cally. The results of the present study in the frog oesophagus
do not support the involvement of VIP in the relaxant re-
sponses to EFS because they were completely abolished by L-
NOARG but they do not exclude the possibility of synergistic
co-release. In the Grider et al. (1992) study the VIP was neu-
rally released so if this was occurring in the frog then TTX
should have blocked the responses.

Another possible non-neuronal source of NO could be the
ICC (interstitial cells of Cajal). ICC have been demonstrated in
the circular muscle of the oesophagus in opossum (Daniel &
Posey-Daniel, 1984), dog (Berezin et al., 1994) and man
(Faussone-Pellegrinin & Cortesini, 1985). Daniel et al. (1979)
and Daniel & Posey-Daniel (1984) suggested that they may be
the structures responsible for the TTX-insensitive relaxation of
the opossum oesophagus to EFS of longer pulse duration,
NOS immunoreactivity has been found in ICC (Berezin et al.,
1994) and isolated ICC have been demonstrated to release NO
(Publicover et al., 1993). It is possible that in the frog oeso-
phageal body, TTX-resistant relaxations may be due to sti-
mulation of ICC and release of NO from them which results in
smooth muscle relaxation.

The data provided by the present study strongly support
NO as the NANC inhibitory transmitter of the frog oeso-
phageal body, although the source of NO is not known and
may be non-neuronal in origin. The data presented do not
exclude the possibility of co-release of other transmitters.
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