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Nerve mediated relaxation ofthe human internal anal
sphincter: the role of nitric oxide

Terence O'Kelly, Alison Brading, Neil Mortensen

Abstract
The aim of this study was to determine if nitric
oxide (NO) is the non-adrenergic, non-
cholinergic neurotransmitter, released by
enteric inhibitory nerves, which mediates
relaxation ofthe human internal anal sphincter.
Isolated muscle strips were mounted for iso-
metric tension recording in superfusion organ
baths. Sodium nitroprusside, an exogenous
donor ofNO, relaxed the strips in a concentra-
tion dependent manner. In the presence of
atropine and guanethidine, transmural field
stimulation produced tetrodotoxin sensitive
relaxations, which were inhibited in a dose
dependent and enantiomer specific manner
by antagonists of NO synthase; completely by
L-nitroarginine and partially by L-N-mono-
methyl arginine. The effect of these antago-
nists was reversed by L-arginine but not
D-arginine. Oxyhaemoglobin, a scavenger of
nitric oxide, also abolished the relaxations but
methaemoglobin had no such effect. These
results strongly suggest that NO is, or is very
closely associated with, the non-adrenergic,
non-cholinergic neurotransmitter mediating
neurogenic relaxation of the human internal
anal sphincter.
(Gut 1993; 34: 689-693)

in nerve mediated relaxation of the internal anal
sphincter.2"25

Nitric oxide is synthesised from L-arginine in
a reaction catalysed by NO synthase. This
enzyme exhibits a high degree of substrate
specificity (NO is not produced from D-
arginine) and is dependent on several cofactors,
among which are Ca2+, calmodulin, and reduced
nicotinamide adenine dinucleotide phosphate.
Nitric oxide is freely soluble, diffuses rapidly,
and has a short half life (three seconds), being
inactivated by formation of NO3- after contact
with the superoxide anion, 02- It exerts its
effects by binding to cytosolic guanylate cyclase
and stimulating the production of cyclic
guanosine monophosphate.

In humans, the hypothesis that NO is an
inhibitory neurotransmitter in the internal anal
sphincter is based on results presented in a brief
report,25 which showed that N-nitro-L-arginine,
a potent antagonist of NO synthase, abolished
NANC nerve mediated relaxation in isolated
sphincter tissue. We have investigated the
involvement of NO in greater detail and
have examined the effects of exogenous NO,
inhibitors ofNO synthase, and oxyhaemoglobin,
a scavenger of NO, on the behaviour of isolated
strips ofhuman internal anal sphincter in vitro.
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It has been recognised for over a century that the
internal anal sphincter relaxes in response to
rectal distension, a phenomenon called the
rectanal inhibitory reflex.'2 The reflex is a com-
ponent of normal anorectal behaviour and its
integrity is assessed routinely during the investi-
gation of patients with disordered anorectal
function. Despite this we know little of the
mechanisms, neuronal and muscular, that are
involved.

It is established that the nerves mediating
the rectoanal inhibitory reflex lie wholly in the
wall of the gut and are thus known as enteric
(intrinsic) inhibitory neurons.2" They descend
from the rectum to the internal anal sphincter
and do not use the classical neurotransmitter
substances, acetylcholine and noradrenaline.3
They are thus classified as non-adrenergic, non-
cholinergic (NANC) nerves. Several NANC
neurotransmitters have been implicated here, for
example adenosine triphosphate and vasoactive
intestinal polypeptide, but in humans, evidence
supporting their involvement has not been sub-
stantiated.5 6

Implausible as it might seem at first, there is
now good evidence that nitric oxide (NO) is an
important endogenous bioactive substance.7"9 It
has been identified as a neurotransmitter in the
gastrointestinal tract,9'"9 and has been implicated

Methods
Sphincter tissue was taken from patients (four
men, seven women; median age 69 (range 57-82)
years) undergoing abdominoperineal resection
of the rectum and anal canal for low lying rectal
carcinoma. With a dissecting microscope, the
epithelium of the anal canal was removed
together with the submucosa. Strips of the distal
internal anal sphincter measuring I x 1 x 10 mm
and containing parallel muscle bundles were
prepared and mounted for isometric tension
recording in superfusion organ baths (capacity
0-2 ml). The strips were continuously super-
fused with Krebs solution (37°C) at a rate of 1 ml/
min. Atropine (10-6 M) and guanethidine
(3 x10 6 M) were present throughout to abolish
cholinergic and adrenergic neurotransmission.
Drugs and other agents being investigated were
added to the Krebs solution before its entry into
the baths. Recessed platinum ring electrodes
1 cm apart were used for intrinsic nerve stimula-
tion (impulses of 10 V, 0 5 ms duration, fre-
quency 1-30 Hz for 1 second - see results). The
apparatus allowed six strips to be studied simul-
taneously. Tension was measured by Pioden
transducers and recorded by a six channel
Teckman pen recorder. The strips were initially
placed under 1 0 g resting tension and allowed to
equilibrate for at least an hour before the start of
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Figure 1: Effect ofsodium nitroprusside on isolated strips of
human intemnal anal sphincter, shown in theform ofa
characteristic trace (A) and a cumulative dose response curve
for 18 strips (B). Relaxation is expressed in terms ofthe
residual tone left in the strips after application ofthe drug. Zero
tone in this and subsequentfigures is that present in calciumfree
solution.

RESPONSE TO SODIUM NITROPRUSSIDE
Sodium nitroprusside is an exogenous donor of

Zero NO,28 and its addition to the superfusate caused
tone dose dependent relaxations (n= 18) (Fig 1).

Sodium nitroprusside was applied for 60 seconds
and a maximal response was achieved at a
concentration of 5 x 10-7 M, when the residual
tone in the strips was equivalent to that present
in calcium free solution (zero tone).

RESPONSE TO ELECTRICAL FIELD STIMULATION
Muscle strips relaxed in response to electrical
field stimulation using a pulse strength of 10 V
and a pulse duration of 0-5 ms (n=24). The
relaxations were frequency dependent, reaching
a maximum at 8 Hz. They could be repeated at
three minute intervals (Fig 2). Responses occur-
red in the presence ofatropine and guanethidine,
and were all (1-30 Hz) abolished by tetrodotoxin
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experiments. During this time, the strips con-
tracted spontaneously and developed a high
level ofmyogenic tone (mean SEM)=0-48 (0 04)
g/mg tissue; baseline is residual tone present in
calcium free solution).
Krebs solution contained 120 mM NaCl, 5-9

mM KC1, 15-4mM NaHCO3, 1 mM NaH2PO4,
2-5 mM CaCl, and 11 mM glucose. Solutions
were equilibrated with 97% 02 and 3% CO2.
Chemicals used were atropine sulphate and
sodium nitroprusside (BDH Chemicals Ltd),
D-arginine and L-arginine (Aldrich Chemical
Company Inc), bovine haemoglobin, guanethi-
dine monosulphate, N-monomethyl-D-arginine
acetate, N-monomethyl-L-arginine acetate,
N-nitro-L-arginine, and tetrodotoxin (all from
Sigma Chemicals Co).
Oxyhaemoglobin was prepared as described

previously,1* by reduction of bovine haemo-
globin (Sigma) with sodium hydrosulphite (10-
fold molar excess) followed by gel filtration
with a prepacked disposable column (PD-10,
Pharmacia), previously equilibrated with
buffered Krebs solution. The concentration of
oxyhaemoglobin was then determined spectro-
photometrically (E576.=15 99 mM-1 cm-').
Methaemoglobin was made in a similar fashion,
except that two fold molar excess of potassium
ferricyanide was used instead of sodium hydro-
sulphite.17
Where appropriate, results are expressed as

mean (SEM), and statistical differences were
assessed with the unpaired t test; a value of
p<0 05 was considered to be significant.
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Figure 2: Response ofisolated strips ofinternal anal sphincter
to intrinsic nerve stimulation. (A) Relaxation produced and a

frequency response curve. At each * impulses of 10 V were

appliedfor 0 5 ms duration, and thefrequency ofstimulation
increasedfrom 0-30 Hz. (B) Repeatable relaxations are
produced iftrains ofimpulses ( = 10 V, 0O5 ms duration,
8 Hz, for I s) are applied every 180 s. These occur in the
presence ofinhibitors ofadrenergic and cholinergic
neurotransmission, but are abolished by tetrodotoxin, a
universal nerve toxin. This implies that the relaxations are
neurogenic and are mediated by NANC neurotransmitters.
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upon this inhibition but it was reversed by the
L-NOARG addition of L-arginine at the same concentration

(Fig 5).

L-NMMA
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Concentration of inhibitor of nitric oxide
synthase (M)

Figure 3: Effect ofinhibitors ofNO synthase on internal anal
sphincter nerve mediated relaxation. Both are competitive
antagonists but N-nitro-L-arginine (NOARG) is more
potent than N-monomethyl-L-arginine (L-NMMA).

(3x 10-6 M), a universal nerve toxin (Fig 2). This
confirmed that the relaxations were neurogenic
and mediated by a NANC neurotransmitter.

RESPONSE TO INHIBITORS OF NO SYNTHASE
N-monomethyl-L-arginine and N-nitro-L-
arginine are synthetic analogues of L-arginine,
and competive antagonists of NO synthase.
Figure 3 shows their dose dependent inhibition
of internal anal sphincter nerve mediated relaxa-
tion (induced by electrical field stimulation (n=
18)).

At a concentration of 5 xi0- M, N-mono-
methyl-L-arginine produced a partial but
significant inhibition of the nerve mediated
relaxations, reducing them to 72-4% (3-5%) of
their original size (n=22) (p<0 05). Addition of
D-arginine (5 x 10-4 M) had no effect upon this
inhibition, but it was reversed by L-arginine at
the same concentration (Fig 4). N-monomethyl-
D-arginine, the enantiomer (steroisomer) of N-
monomethyl-L-arginine, had no effect upon the
tissue.

N-nitro-L-arginine is a more powerful
antagonist of NO synthase. Its addition to the
superfusate (10-5 M) abolished the response of
the strips to electrical field stimulation (n=30)
(Fig 5). D-arginine (5 x 10' M) had no effect

LNMMA 5 x 10-5 M

1 g

300 s

Zero
tone

D L

EFFECT OF HAEMOGLOBIN
Oxyhaemoglobin has a high affinity for NO
and scavenges it from extracellular media;
methaemoglobin has no such action.2729
Addition of oxyhaemoglobin produced inhibi-
tion of nerve mediated relaxation in a dose
dependent manner (n=6), and the neurogenic
response was abolished at a concentration of 5 x
10-5 M (n=20) (Fig 6). Relaxations returned
after withdrawal ofoxyhaemoglobin and a period
of recovery (Fig 6). Methaemoglobin had no
effect on the tissue.

Discussion
Enteric inhibitory nerves, similar to those that
subserve the rectoanal inhibitory reflex, are

found throughout the gastrointestinal tract and
mediate relaxation in both sphincteric as well as
non-sphincteric circular smooth muscle. They
release NANC neurotransmitters and attention
has previously concentrated on vasoactive
intestinal polypeptide and adenosine triphos-
phate as the agents involved.3" To date however,
satisfactory pharmacological evidence that either
plays a part in neurogenic relaxation of the
human internal anal sphincter has been lacking
and the identity of the neurotransmitter respons-
ible has remained obscure.56 The studies des-
cribed here clearly indicate the involvement of
NO in this process.
The hypothesis that NO or an NO-like sub-

stance is an enteric inhibitory neurotransmitter
is based on the following evidence: (1) the
enzyme responsible for NO production, NO
synthase, has been shown within enteric
neurons8 31; (2) NO is released on stimulation of
enteric inhibitory NANC nerves,'6; (3) there is a
uniformity of action on gut smooth muscle when
NO is applied from an exogenous source and
when it is released by nerve stimulation'5 19; and
agents that inhibit or potentiate the effect of
inhibitory nerve stimulation have a similar action
on exogenously applied NO.9

Conventional neurotransmitters such as

acetylcholine and noradrenaline are stored in
membrane bound vesicles before their release
from presynaptic nerves, and they influence
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1
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Figure 4: Effects ofN-monomethyl-L-arginine (L-NMMA) and N-monomethyl-D-arginine (D-NMMA) on internal anal
sphincter nerve mediated relaxation (- =10 V, 0 5 ms duration, 8Hz, for I s). The antagonistic action ofL-arginine (L), but not
D-arginine (D) is evident.
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Figure 5: Effect ofN-nitro-L-arginine (NOARG) on internal anal sphincter nerve medi
relaxation (e = 10 V, 0.5 ms duration, 8 Hz, for I s). Its action is antagonised by L-argii
(L), but not D-arginine (D).

postsynpatic cells by interacting with memb
bound receptors on the cell surface. Nitric o
does not seem to conform to this patter
behaviour and indeed challenges classic
cepts of neurotransmission. Firstly, its recei
guanylate cyclase, is cytosolic rather than rr
brane bound. Secondly, NO is both labile
very lipid soluble. It is thus unlikely t(
packaged in membrane bound vesicles be
release. In an effort to consider these concej
problems, it has been suggested that N'
stored in a more stable form, bound to anc
molecule such as cystiene, and there is s

Figure 6: (A)
Oxyhaemoglobin inhibits
nerve mediated relaxation of
the internal anal sphincter in
a concentration dependent
manner. At each
concentration,
oxyhaemoglobin was added
to the superfusate until a
stable maximal response was
achieved (usually 15-20
min). (B) Neurogenic
relaxation ( = 10 V, 0 5 ms
duration, 8 Hz, for I s) is
reversibly abolished by
oxyhaemoglobin at a
concentration ofSx 10- IM.
Methaemoglobin has no such
action at the same
concentration.
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evidence supporting this.32 Alternatively, NO
could be produced on demand only, and it is
conceivable that depolarisation makes calcium
available for NO synthase activation within the
presynaptic neuron. Another possibility is that
depolarisation releases NO synthase into the
synaptic cleft and it is this free enzyme that
produces NO. This theory is improbable, how-
ever, as the proteolytic enzyme, a-chymo-
trypsin, enhances rather than inhibits nerve
mediated relaxation ofthe internal anal sphincter
and this points against release of a peptide or

tone protein.6
The mechanism by which NO causes smooth

muscle relaxation has not yet been estalished.
ated It is recognised that, by activating soluble
rzine guanylate cyclase, NO increases synthesis of

cyclic guanosine monophosphate and this has
been shown to produce membrane hyperpolari-
sation in colonic smooth muscle.33 Such mem-

,rane brane changes are the hallmark of NANC nerve

xide mediated relaxation and are thought to result
n of from an increase in potassium conductance.32
con- The processes responsible for electromechanical
ptor coupling have not been determined, but possible
nem- mechanisms include enhanced Ca21 sequestra-
and tion and reduced sensitivity of the contractile

) be apparatus to Ca2+.
.fore In the experiments described here, sodium
)tual mtroprusside, an exogenous source of NO,
O is mimiced the effect of electrical field stimulation
ther in producing relaxation of human internal anal
ome sphincter smooth muscle. These neurogenic

responses could be inhibited, and indeed
abolished by antagonists of NO synthase. This
action was dose dependent and enantiomer
(stereoisomer) specific. Also, nerve mediated
relaxations were inhibited by oxyhaemoglobin,
which implies that NO passes extracellularly to
exert its effects. Taken together, these results
strongly indicate that in humans, NO mediates
neurogenic relaxation of the internal anal
sphincter and indeed, using the stimulation
parameters described, there is no reason to
suggest involvement of other neurotransmitters.
Whether or not their presence can be completely
excluded will depend on the results of subse-
quent studies in which the effects of a range of
stimulation parameters will be examined.

Burleigh previously reported similar actions
for N-nitro-L-arginine and L-arginine on neuro-

10 genic relaxation in human internal anal sphincter
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smooth muscle.25 To our knowledge however,
the dose dependent effect of sodium nitro-
prusside, the enantiomeric specificity of the
inhibition of NO synthase (and its reversal by
substrates), and the action of oxyhaemoglobin
have not been described in this tissue before.

Rattan and coworkers have investigated the
role ofNO in neurogenic relaxation ofthe internal
anal sphincter in the opossum in vitro23 and have
also assessed involvement ofNO in the rectoanal
inhibitory reflex in the same animal in vivo.24 In
both preparations, NO seems to play a crucial
part as N-nitro-L-arginine has a profound
antagonistic effect on inhibitory nerve stimu-
lation. As in the human, this action is both dose
and enantiomer specific. Although the opossum
is phylogenically disparate from the human,
these findings support our conclusions, particu-
larly because they show the importance ofNO in
this region in vivo.
The immediate significance of establishing

NO as the inhibitory neurotransmitter which
mediates neurogenic relaxation of the human
internal anal sphincter is that it will allow
detailed study of the function and morphology of
the intrinsic innervation of this tissue as well as
its interaction with other components of the
autonomic nervous system. These aspects of
sphincter physiology can be assessed both in
vitro and in vivo, and will not only improve our
understanding of normal internal anal sphincter
function, but will also shed new light on the
pathophysiology of conditions such Hirsch-
sprung's disease34 and idiopathic anorectal
incontinence, in which the intrinsic innervation
of the internal anal sphincter is known to be
abnormal.35 Also, it may prove possible to
manipulate NO neurotransmission pharmaco-
logically, either inhibiting or enhancing it, and
this could have important therapeutic implica-
tions in the management of disordered anorectal
function.
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