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Pharmacological characterization of neurogenic responses of the

sheep isolated internal anal sphincter
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1 The aim of the study was to establish the nature of the neurogenic responses of the sheep
isolated anal sphincter.

2 Isolated strips of sheep internal anal sphincter develop intrinsic contractile tone following the
application of stretch tension. On transmural stimulation (1-20 Hz, 10 V pulse strength, 0.5 ms
pulse width, 1 s every 180 s) transient relaxations were observed.

3 The amplitude of the relaxations were frequency-dependent reaching a maximal response at 10—
20 Hz and were inhibited by tetrodotoxin (0.3 uM). Neither atropine (0.3 uM) nor phentolamine
(1 um) affected control responses.

4 The nitric oxide synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME, 100 uM) and the
selective inhibitor of soluble guanylyl cyclase ODQ, (1H-[1,2,4Joxadiazolo[4,3-a]quinoxalin-1-one)
(1 um) completely inhibited the neurogenic relaxations and uncovered contractions that were
abolished by 1 uM phentolamine and 0.1 uM prazosin. The effect of L-NAME, but not that of ODQ,
was partially reversed by the addition of L-arginine (1 mM).

5 Sodium nitroprusside (10 nM—10 uM) caused concentration-dependent inhibition of myogenic
tone and this effect was significantly reduced by ODQ. Calcium-free Krebs-Henseleit solution also
reduced myogenic tone by 85%.

6 Transmural electrical stimulation of the sheep isolated internal anal sphincter causes a transient
relaxation of myogenic tone that appears to involve nitric oxide from non-adrenergic, non-
cholinergic nerves and, to a lesser degree, noradrenaline from sympathetic nerves. The characteristics
of the preparation compares well with that of human tissue and may prove to be a suitable animal

based model for further studies.
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Introduction

Over the past 5 years the treatment of chronic anal fissures has
been revolutionized by the introduction of pharmacological
intervention. This condition, characterized by a persistent
elevation of internal anal sphincter muscle tone, has
traditionally required surgical intervention to reduce anal
sphincter pressure, in order to provide relief from pain and
bleeding from the anal passage following defaecation (Han-
cock, 1997). However, the surgical approach is increasingly
being replaced by the topical application of glyceryl trinitrate
ointment to the anal passage, so called ‘chemical sphincter-
otomy’, which appears to be successful in promoting healing in
70% of cases (Loder et al., 1994; Lund & Scholefield, 1997a.b).

The pharmacological basis for the use of glyceryl trinitrate
paste has been largely based on the findings of in vitro
experiments designed to examine the properties of the internal
anal sphincter. Work conducted mainly, though not exclu-
sively, on the opossum internal anal sphincter has established
that this muscle responds to stretch by developing myogenic
tone and, following blockade of sympathetic nerves, to
transmural, electrical stimulation by relaxing. The latter
response appears to be mediated by intrinsic, non-adrenergic,
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non-cholinergic nerves that release nitric oxide; the neurogenic
relaxations are associated with an elevation in tissue cyclic
GMP and are inhibited by selective inhibitors of nitric oxide
synthase, e.g. N¢-nitro-L-arginine methyl ester (L-NAME)
(Tottrup et al., 1992; Rattan & Chakder, 1992; Chakder &
Rattan, 1993a,b; Rattan et al., 1995). Qualitatively similar
results have been obtained in human isolated internal anal
sphincter (O’Kelly ez al., 1993; O’Kelly, 1996) and this has
been reinforced by immunohistochemical evidence for the
presence of nitric oxide synthase in this tissue (O’Kelly et al.,
1994).

However, other work on the human isolated internal
sphincter have indicated the presence of constrictor o-
adrenoceptors (Burleigh & D’Mello, 1983; Regardas et al.,
1993) that can be activated by noradrenaline released from
sympathetic nerves. These observations may account for the
recent report that oral administration of indoramin, a selective
os-adrenoceptor antagonist (Algate & Waterfall, 1978), caused
a significant lowering of internal anal sphincter pressure in
man (Pitt ez al., 1999) and, as such, may be a useful adjunct in
the treatment of anal fissures.

Ironically, the very success of ‘chemical sphincterotomy’
with GTN paste has reduced the opportunities for investiga-
tors to examine the potential of other pharmacological
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approaches for manipulating human anal sphincter tone. With
this problem in mind, we have investigated the pharmaco-
logical characteristics of the sheep isolated internal anal
sphincter to assess its suitability as a model for man.
Specifically, in light of the evidence for constrictor and relaxant
neuronal influences on the human isolated anal sphincter, we
have examined the sheep isolated internal anal sphincter to
establish the principal neurotransmitters and assess the role of
cyclic GMP and calcium ions in regulating muscle tone.

Methods

Sheep anal tissue was obtained from a local abattoir, incubated
in modified Krebs-Henseleit solution and transported to the
laboratory within 1 h of slaughter. The anal canal was opened
up by an incision made along the ventral longitudinal axis and
pinned down with the mucosal surface up. The mucosa was
dissected off to expose the underlying circular muscle. Strips of
the distal internal anal sphincter were cut out and further
dissected to ensure they contained visible, parallel bundles of
muscle fibres only. Suture was tied at both ends of the strip
(10x2x2 mm) and one end secured to a perspex holder
between two parallel platinum wire electrodes. The perspex
holder and the anal sphincter strip was then placed in a 20 ml
isolated organ bath containing Krebs-Henseleit solution (pH
7.4), gassed (95% 0O,/5% CO,) at 37°C. The upper end of the
suture was connected to a Grass FT-03C isometric transducer
which in turn was connected to a CED 1902 (Cambridge
Electronic Devices, Cambridge, U.K.) unit for amplification
and linked via a 1401 interface to a 486-33 MHz PC running
Spike 2 software (CED). Following application of an initial 2 g
tension, the tissue was allowed to equilibrate for 30—40 min.
Transmural stimulation of the muscle was achieved using a
Digitimer Multistim System D330 (1-20 Hz, pulse strength
10 V, pulse width 0.5 ms, 1 s duration every 180 s). Tissues
were allowed a further 30 min to establish reproducible
responses on stimulation.

Experimental protocol

All experiments were carried out on tissues that had developed
some degree of myogenic tone following the application of 2 g
tension (approximately 90% of preparations). Once the
myogenic tone had stabilized, preparations were stimulated
transmurally with pulses at increasing frequency or, when the
pharmacological characteristics of the response was investi-
gated, at 10 Hz for 1 s every 180 s.

In the first set of experiments the effect of either 0.3 um
atropine, 1 umM phentolamine, 100 uM NS-nitro-L-arginine
methyl ester (L-NAME) or 0.3 uM tetrodotoxin were examined
alone against the response to 10 Hz, 1 s stimulation. In the
second set of experiments the effect of either 1 mM L-arginine
or | mM D-arginine on responses in the presence of 100 uM L-
NAME was investigated, followed by the addition of 1 um
phentolamine. Also the effect of sequential exposure to 1 um 2-
(2-ethoxy-1,4-benzodioxan-2-yl)-2-imidazoline  (RX-811059)
and 0.1 uM prazosin was investigated on the responses
produced in the presence of L-NAME. A similar series of
experiments was conducted in the presence of 1 uM ODQ, (1H-
[1,2,4]oxadiazolo[4,3-a]-quinoxalin-1-one), a selective inhibitor
of soluble guanylyl cyclase, instead of L-NAME. In the above
experiments a minimum of 20 min was allowed for the
inhibitors to equilibrate with the preparations.

The effect of cumulatively increasing concentrations of the
sodium nitroprusside (10 nMm—10 uM) on myogenic tone was

tested in paired segments in the presence and absence of 2 uM
ODQ. Also, the effect of reducing extracellular calcium ions on
myogenic tone was determined by replacing the bathing
solution with low calcium (0.1 uM) Krebs-Henseleit solution
(Daly et al., 1990). In this instance, preparations were washed
twice with the low calcium (0.1 uM) solution and myogenic
tone assessed 10 min later.

Analysis of data

Unless indicated otherwise, the development of myogenic tone
and the magnitude of either the neurogenic relaxations or
contractions are expressed in gram weight and shown as the
mean +s.e.mean of n observations. In the case of the effect of
sodium nitroprusside against myogenic tone, the pICs,
(negative logarithm of the concentration causing 50% inhibi-
tion) was also calculated. Differences between groups have been
compared using ANOVA with Bonferroni’s multiple compar-
ison test and considered statistically significant of P<0.05.

Drugs

The composition of the modified Krebs-Henseleit solution was
(mMm): NaCl 118, KCI 4.8, MgS0,.7H,O 1.2, KH,PO, 1.2,
CaCl, 1.25, NaHCOj; 25 and glucose 11.1. For experiments
involving low Ca?* Krebs-Henseleit solution, a combination
of 0.25 mM Ca®>" and 0.5 mmM EGTA was used to achieve a
Ca®" free concentration of 0.1 um (Daly et al., 1990). L-
arginine hydrochloride, D-arginine hydrochloride, L-NAME
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Figure 1 (a) Representative digitized recording of the effect of
increasing frequency of stimulation (1-20 Hz for 1 s every 180 s) on
the sheep isolated internal anal sphincter. Two responses were
obtained at each frequency of stimulation. (b) Histogram of the
frequency response relationship for neurogenic relaxations of the
sheep isolated internal anal sphincter. Responses are shown as the
mean+s.emean of 10 observations. (c) Representative digitized
recording showing the occurrence of ‘after-contractions’ following
the initial rapid relaxation on electrical stimulation (10 Hz, 1 s) which
was observed in approximately 50% of preparations.

British Journal of Pharmacology, vol 130 (3)



M.K. Mundey et al

Sheep and sphincter neurotransmission 491

(N®-nitro-L-arginine methyl ester), atropine sulphate, tetrodo-
toxin (TTX) were obtained from Sigma-Aldrich (U.K.) and
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) was ob-
tained from Tocris (Bristol, U.K.). Sodium nitroprusside
(SNP) dihydrate was obtained from David Bull Laboratories
(U.K.), while 2-(2-ethoxy-1,4-benzodioxan-2-yl)-2-imidazoline
(RX-811059, Reckitts and Coleman), prazosin HCI (Pfizer)
and phentolamine mesylate (‘Rogitine’, Ciba Geigy) were
supplied as gifts. All drugs were dissolved in distilled water and
added in a volume less than 0.1% of the organ bath volume
(ODQ was made up at concentration of 10 mMm in 30% DMSO
in water and stored at 4°C).

Results

Following application of 2 g wt initial resting tension, the
internal anal sphincter strips slowly developed myogenic tone
which stabilized after approximately 30—40 min (3.8+0.2 g,
n=17) (see Figure 6 for an example of tone development).
Electrical field stimulation (EFS) (1-20 Hz, 1 s, every 180 s)
caused a transient, frequency-dependent relaxation (Figure
la,b) of the myogenic tone, with even a single pulse producing
50% of the maximum response. The maximum relaxation
response was usually observed following stimulation at 10 Hz
(2.3+0.2 g, n=17), which was approximately 60% of the
developed tone (Figure 1b). At each frequency of stimulation
the peak response was obtained with 5 s of stimulation. In
approximately 50% of preparations the relaxation to electrical
field stimulation was followed by a small ‘after contraction’
(equivalent to 20% of the inhibitory response), which reached
its maximum approximately 20 s after stimulation (Figure 1c).
Both components of the response were abolished by 0.3 um
tetrodotoxin (n=4). In preliminary experiments we found that
increasing the period of stimulation (10—60 s) failed to
significantly increase the maximum response to 10 Hz, but
was associated with a sustained relaxation equivalent to
approximately 40% of the initial response. All further
experiments were conducted with a stimulation period of 1 s.

As shown in Figure 2, neither 0.3 uM atropine nor 1 um
phentolamine significantly altered the relaxation produced in
response to stimulation at 10 Hz. The addition of L-NAME
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Figure 2 Histogram of the response of the sheep isolated internal
anal sphincter to 10 Hz stimulation for 1 s under control conditions
(n=17) and the presence of 0.3 um atropine (n=5), 1 um
phentolamine (n=35) or 100 um L-NAME (n=17). Responses are
shown as the mean+s.e.mean. *Denotes a statistically significant
difference from the control value.

(100 um) was associated with a significant increase
(33.4+8.8% (n=17, P<0.01) in myogenic tone, the abolition
of neurogenic relaxations and the appearance of a transient
contraction (1.10+0.27 g, n=17, P<0.01) following electrical
field stimulation (Figures 2 and 3a). Subsequent addition of L-
arginine (1 mM) reversed the effect of L-NAME on responses
to electrical field stimulation (10 Hz, 1 s), but the resulting
neurogenic relaxations (0.78 +0.15 g, n=4) were significantly
less than those observed in the absence of both agents (Figure
3b). In marked contrast, D-arginine (1 mMm) did not
significantly alter neurogenic contractions observed in the
presence of 100 uM L-NAME (L-NAME: 1.20+0.28 g con-
tractions; L-NAME plus D-arginine: 1.11+0.31 g contrac-
tions, n=4).

As shown in Figure 3b, the addition of 1 um
phentolamine, following exposure to 100 uM L-NAME and
1 mM L-arginine, failed to significantly alter the neurogenic
relaxations. However, in a separate series of experiments we
noted that neurogenic relaxations elicited in the presence of
1 uM phentolamine (2.45+0.65 g, n=4) were not converted
into contractions following exposure to 100 uMm L-NAME
but significantly reduced by 60.5+5.0% (0.95+0.23 g,
n=4). In light of these conflicting results, we investigated
further the role of «-adrenoceptors in the neurogenic
responses. Figure 4 shows that 1 uM RX-811059, a selective
as,-adrenoceptor antagonist (Mallard et al., 1992) failed to
significantly affect neurogenic contractions observed in the
presence of 100 uM L-NAME (1.47+0.18 g, n=10), but the
subsequent addition of 0.1 uM prazosin, a selective o;-
adrenoceptor antagonist (Massingham er al., 1981), abol-
ished the responses and resulted in the re-appearance of
small neurogenic relaxations (0.89+0.14 g, P<0.01).
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Figure 3 (a) Representative digitized recording of neurogenic
responses (10 Hz, 1 s stimulation every 180 s) of the sheep isolated
internal anal sphincter under control conditions, in the presence of
100 um L-NAME and subsequent addition of 1 mM L-arginine. (b) A
histogram of the neurogenic responses of the sheep isolated internal
anal sphincter under control conditions and sequential addition of
100 um L-NAME, | mm L-arginine and 1 puM phentolamine. The
responses are shown as the mean+s.e.mean of nine observations.
*Denotes a statistically significant difference from the control value.
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ODQ (1 uM), a selective inhibitor of soluble guanylyl
cyclase (Garthwaite et al., 1995), abolished neurogenic
relaxations (2.3 +0.3 g wt) and uncovered neurogenic contrac-
tions (1.17 +£0.21 g wt) (Figure 5). As observed with L-NAME,
ODQ caused a further increase in the myogenic tone of
12.44+0.7% (n=7). Whilst L-arginine (1 mM) failed to affect
the contractile responses to electrical field stimulation in the
presence of ODQ, the subsequent addition of 1 uMm
phentolamine converted the response to small relaxations
(Figure 5).

As shown in Figure 6, sodium nitroprusside (10 nM—
10 uM) caused a concentration-dependent inhibition of
myogenic tone to zero. Following washout of sodium
nitroprusside, myogenic tone was quickly re-established,
equivalent to 64.8+7.7% (n=4) of the pre-sodium
nitroprusside value, and electrical stimulation (10 Hz) caused
neurogenic relaxations associated with the appearance of a
delayed contractile response (0.57+0.1 g, n=4). As shown
in Figure 7, sodium nitroprusside-induced inhibition of
myogenic response (pICsy 6.64+0.05, n=_8) was significantly
impaired by the presence of 2 um ODQ (pICsy 5.62+0.11,
n=28). In a separate series of experiments, exposure to low
Ca’?" Krebs-Henseleit solution reduced the myogenic tone
achieved to 87.5+6.9% of the maximum response produced
by sodium nitroprusside, an effect which was reversed by re-
exposure to Krebs-Henseleit solution.
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Figure 4 Histogram of the response of the sheep isolated internal
anal sphincter to 10 Hz stimulation for 1 s under control conditions
and following the sequential addition of 100 um L-NAME, 1.0 um
RX-811059 and 0.1 uMm prazosin (n=10). Responses are shown as the
mean +s.e.mean. *Denotes a statistically significant difference from
the control value.
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Discussion

The results of this study indicate that the isolated internal anal
sphincter of the sheep is pharmacologically similar to that
found in many species (Lim & Muir, 1985; Tottrup et al., 1992;
Rattan & Chakder, 1992; Knudsen et al., 1995; Cook et al.,
1999) and, in particular, man (Burleigh & D’Mello 1983;
Burleigh, 1992; O’Kelly et al., 1993; O’Kelly, 1996). This view
is based on several key observations.

First, the primary response of the internal anal sphincter
muscle to stretch is the development of myogenic tone that is
highly dependent on the presence of extracellular calcium ions
and can be abolished by exposure to high concentrations of
sodium nitroprusside. Since the effect of sodium nitroprusside
was impaired by exposure to ODQ, a selective inhibitor of
soluble guanylyl cyclase (Garthwaite et al., 1995), cyclic GMP
is an important regulator of myogenic tone, as observed in the
guinea-pig and opossum anal sphincter (Rattan & Chakder,
1993b). Second, the preparations responded to low frequencies
of electrical stimulation by inhibiting myogenic tone through a
tetrodotoxin-sensitive mechanism, indicating the involvement
of intrinsic nerves. These neurogenic responses were insensitive
to both atropine and phentolamine, selective antagonists of
muscarinic receptors and o-adrenoceptors, respectively, but
abolished by L-NAME, an inhibitor of nitric oxide synthase
(Moncada et al., 1989). Furthermore, the effect of L-NAME on
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Figure 5 A histogram of the neurogenic responses of the sheep
isolated internal anal sphincter under control conditions and
subsequent, sequential addition of 1 um ODQ, 1 mM L-arginine and
1 um phentolamine. The responses are shown as the mean +s.ec.mean
of seven observations. *Denotes a statistically significant difference
from the control value.
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Figure 6 Representative digitized recording of the response of the sheep isolated internal and sphincter to the application of 2 g
tension, electrical stimulation (S1; 10 Hz, 1 s every 180 s) and subsequent cumulative addition of sodium nitroprusside (10 nm—
10 um). Following washout (w) the preparation was again stimulated electrically (S2).
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Figure 7 A graph of the effect of cumulative addition of sodium
nitroprusside on myogenic tone of the sheep isolated internal anal
sphincter under control conditions and in the presence of 2 um ODQ.
The contractile tone has been expressed as a percentage of the
contraction prior to the addition of sodium nitroprusside and shown
as mean +s.e.mean of eight observations.

neurogenic responses was partially reversed by L-arginine, but
not by D-arginine, providing further evidence for the
involvement of nitric oxide synthase. Third, ODQ produced
a qualitatively similar effect to L-NAME on neurogenic
relaxations, a finding which further implicates cyclic GMP in
the neuronal control of anal sphincter tone (Chakder &
Rattan, 1993b). The specificity of the effect of ODQ is
underlined by the observation that L-arginine failed to reduce
neurogenic contractile response following inhibition of soluble
guanylyl cyclase. Finally, both ODQ and L-NAME caused an
increase in myogenic tone, suggesting that the intrinsic nerves
also release nitric oxide in a spontaneous manner, as has been
observed in other isolated gastrointestinal preparations (see:
Rand & Li, 1995).

In addition to a role for nitric oxide in regulating anal
sphincter smooth muscle tone, we obtained evidence that
noradrenaline released from sympathetic nerves may elicit
constrictor responses. In this regard, our observations are
similar to those reported in man (Burleigh, 1992) and
different from that for guinea-pig (Lim & Muir, 1985) and
rabbit anal sphincter (Knudsen et al., 1995). A small,
delayed ‘after contraction’ was observed in approximately
50% of control preparations and in all preparations
following abolition of neurogenic relaxations by either L-
NAME or ODQ (see also Burleigh, 1992). It seems likely
that the failure to observe similar responses in later studies
on human isolated anal sphincter (O’Kelly et al., 1993,
O’Kelly, 1996) is probably due to the routine use of an
adrenergic neurone blocker in the bathing medium. Based
on the use of subtype selective a-adrenoceptor antagonists,
prazosin and RX-811059, our experiments also revealed that
the neurogenic contractions appeared to be mediated by o;-
adrenoceptors. Interestingly, constrictor «;-adrenoceptors
have been identified on human isolated anal sphincter
(Burleigh & D’Mello, 1983; Regardas et al., 1993) and may
contribute to the control of anal sphincter pressure (Pitt et
al., 1999).

In light of the pharmacological evidence that nitric oxide
and noradrenaline exert opposing effects on sheep anal
sphincter tone, it is surprising then that phentolamine failed
to significantly enhance neurogenic relaxations in either
control preparations (Figure 2) or those exposed to a

combination of L-NAME and L-arginine (Figure 3). One
possible explanation is that nitric oxide modulates the
release of noradrenaline from adrenergic nerves in an
inhibitory manner and curtails the involvement of sympa-
thetic nerves. However, Rand & Li (1993) have shown that
inhibitors of nitric oxide synthase do not increase the release
of tritiated noradrenaline from the rat anococcygeus.
Alternatively, the markedly different time courses of
neurogenic relaxations (approximately 5s to peak) and the
contractions (approximately 20 s to peak) observed in this
study, could explain why adrenergic responses exert little
effect on the preceding relaxant component. Thus, while
inhibition of nitrergic nerves clearly has a profound effect on
adrenergic responses in sheep internal anal sphincter, an
effect similar to that observed in mouse and rat
anococcygeus muscle (Gibson et al, 1990; Vila et al,
1992), the temporal separation of these responses appears to
ensure that the reverse is not true. Interestingly, this
explanation can also account for the failure of atropine to
modify neurogenic relaxations of the rabbit isolated anal
sphincter under control conditions, yet enhance responses in
the presence of L-NAME (Knudsen er al., 1995). Another
factor that may influence the appearance of motor responses
to electrical field stimulation is the level of myogenic tone
developed by the preparation. Significantly, preparations
exposed to sodium nitroprusside and then washed repeatedly
failed to re-establish the original myogenic tone. Under these
conditions neurogenic responses were more likely to exhibit
a biphasic time course, comprising inhibitory and excitatory
components.

The involvement of further inhibition transmitters, VIP,
PACAP or carbon monoxide, has been suggested for both
the rabbit (Knudsen et al., 1995) and opossum (Rattan &
Chakder, 1993c, Chakder & Rattan, 1998) internal anal
sphincter. In both species neurogenic relaxations are not
completely inhibited by nitric oxide synthase inhibitors.
Similarly, in the present study we noted the reoccurrence of
small neurogenic relaxations of the sheep internal anal
sphincter following exposure to a combination of phentola-
mine with either L-NAME or ODQ. A role for carbon
monoxide seems unlikely, however, as this putative
transmitter elicits relaxations by stimulating guanylyl cyclase
and elevating cyclic GMP (Rattan & Chakder, 1993c) and
responses in the sheep were detected in the presence of
ODQ. Clearly, further studies with putative receptor
antagonists for VIP and PACAP receptors appear to be
warranted. It should be noted that in this respect the sheep
(along with the rabbit and opossum) differs from man since
the combination of a-adrenoceptor blockade and inhibition
of nitric oxide synthase abolished neurogenic responses
(Burleigh, 1992; O’Kelly et al., 1993).

In summary we have established a simple model for the
study of the internal anal sphincter which possesses many of
the pharmacological characteristics of the human internal
anal sphincter. This is particularly the case in terms of the
principal effects of intrinsic adrenergic and non-adrenergic,
non-cholinergic nerves on smooth muscle tone, but also with
respect to role of the intracellular messengers cyclic GMP
and calcium ions. Since ovine tissue is readily available in
large quantities, several complementary approaches, phar-
macological, biochemical and anatomical, can be used to
develop novel therapeutic strategies for treating anal fissures.
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