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Three Gaseous Neurotransmitters, Nitric oxide, 
Carbon Monoxide, and Hydrogen Sulfide, Are  
Involved in the Neurogenic Relaxation Responses 
of the Porcine Internal Anal Sphincter 

Oladayo Folasire, Kylie A Mills, Donna J Sellers, and Russ Chess-Williams*

Center for Urology Research, Faculty of Health Sciences and Medicine, Bond University, Gold Coast, Queensland, Australia

Background/Aims
The internal anal sphincter (IAS) plays an important role in maintaining continence and a number of neurotransmitters are known to 
regulate IAS tone. The aim of this study was to determine the relative importance of the neurotransmitters involved in the relaxant 
and contractile responses of the porcine IAS.

Methods
Responses of isolated strips of IAS to electrical field stimulation (EFS) were obtained in the absence and presence of inhibitors of 
neurotransmitter systems.

Results
Contractile responses of the sphincter to EFS were unaffected by the muscarinic receptor antagonist, atropine (1 mM), but were almost 
completely abolished by the adrenergic neuron blocker guanethidine (10 mM). Contractile responses were also reduced (by 45% at 
5 Hz, P < 0.01) following desensitisation of purinergic receptors with α,β-methylene-ATP (10 mM). In the presence of guanethidine, 
atropine, and α,β-methylene-ATP, the remaining relaxatory responses to EFS were examined. These responses were not altered by 
the cyclooxygenase inhibitor, indomethacin (5 mM), the vasoactive intestinal polypeptide receptor antagonist, [D-p-Cl-Phe6,Leu17]-
vasoactive intestinal peptide (PheLeu-VIP; 100 nM), or the purinoceptor antagonists, 8-phenyltheophyline (P1 receptors) or suramin 
(P2 receptors). However, relaxation responses were reduced by Nω-nitro-L-arginine (L-NNA; 100 mM), an inhibitor of nitric oxide 
synthesis (40-50% reduction), zinc protoprophyrin IX (10 mM), an inhibitor of carbon monoxide synthesis (20-40% reduction), and 
also propargylglycine (30 mM) and aminooxyacetic acid (30 mM), inhibitors of hydrogen sulphide synthesis (15-20% reduction).

Conclusions
Stimulation of IAS efferent nerves releases excitatory and inhibitory neurotransmitters: noradrenaline is the predominant contractile 
transmitter with a smaller component from ATP, whilst 3 gases mediate relaxation responses to EFS, with the combined contributions 
being nitric oxide > carbon monoxide > hydrogen sulfide.
(J Neurogastroenterol Motil 2016;22:141-148)
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Introduction  

The internal anal sphincter (IAS) plays an important role in 
maintaining continence contributing up to 85% of resting anal 
tension1 and thus it is a potential target for the drug treatment of 
both anal fissures and fecal incontinence. Fecal incontinence is the 
uncontrolled passing of fecal material and drugs that increase IAS 
contractile tone may potentially aid continence, whilst drugs that 
reduce anal pressure may increase anal blood flow and thereby aid 
healing of anal fissures. 

Both the autonomic and enteric nervous systems influence 
tone of the IAS. It has been shown histologically that the main au-
tonomic input to the IAS originates in the inferior rectal branches 
of the pelvic plexus with both tyrosine hydroxylase staining fibers 
(sympathetic) and nitric oxide (NO) staining fibers (presumed to 
be parasympathetic) innervating the tissue.2,3 In functional experi-
ments, noradrenaline is the only neurotransmitter that has been 
identified as eliciting an excitatory response in the sphincter,4 while 
inhibitory roles have been suggested for NO, carbon monoxide 
(CO) and vasoactive intestinal polypeptide (VIP). It has also been 
suggested that acetylcholine and adenosine 5’-triphosphate (ATP) 
may also have roles in the relaxation of the sphincter.4 Although 
these neurotransmitters are usually excitatory rather than inhibitory, 
O’Kelly et al5 has suggested that stimulation of muscarinic receptors 
by acetylcholine causes the release of NO and a subsequent relax-
ation of the IAS. 

Previous studies using electrical field stimulation of the IAS 
have demonstrated the involvement of several neurotransmitters in 
responses of this tissue. However most of these studies have focused 
on the relaxation of the sphincter and its relevance to anal fissures, 
whereas the contractile component, which could be a target for drug 
development relevant to fecal incontinence, has yet to be explored to 
the same extent. It is known that NO plays an important role as an 
inhibitory neurotransmitter in the IAS6 and that noradrenaline act-
ing via α1-adrenoceptors is responsible for contracting the sphinc-
ter.7-9 Furthermore, the relative contribution of each neurotransmit-
ter system to the responses of the IAS has not been established. 
The aim of the present study was to identify the neurotransmitters 
released during electrical field stimulation (EFS) of the porcine 
IAS and determine the relative contributions of each transmitter to 
the functional responses.

Materials and Methods  

Female pig internal anal sphincter (IAS) muscle samples were 
obtained from a local abattoir. The tissues were immediately placed 
in Krebs-bicarbonate solution (composition in mmol/L: NaCl 
118.4, NaHCO3 24.9, KCl 4.7, CaCl2 1.9, MgSO4 1.15, KH2PO4 
1.15, and glucose 11.7) at 4oC. The mucosa and submucosa were 
removed and the circular muscle of the sphincter, approximately 
2.5 cm from the anal opening, was cut into strips (15 × 3 mm). 
The muscle strips were set up in EZ-Bath tissue baths (Global-
Town Microtechnology, Sarasota, FL, USA) containing Krebs-
bicarbonate solution at 37oC and gassed with 5% CO2 in oxygen. 
The muscle strips were attached to isometric force transducers con-
nected to a MacLab recording system (AD Instruments Ltd. Bella 
Vista, NSW Australia) and the developed tension measured using 
“CHART” software. Tissues were mounted under 1g resting ten-
sion and allowed to equilibrate for 30 minutes during which time 
they were washed with fresh Krebs-bicarbonate solution every 15 
minutes. 

At this point the smooth muscle strips were electrically stimu-
lated (40 V and 1 millisecond pulse-width) delivered as 5 second 
trains every 100 seconds, at a frequency of 5 Hz and then 10 Hz. 
Initial responses for each frequency were followed by responses 
in the presence of one of the following drugs which interfere with 
neurotransmission: Nω-nitro-L-arginine (L-NNA; 100 mM), a 
NO synthase inhibitor; guanethidine (10 mM), a neurotoxin selec-
tive for adrenergic nerves; atropine (1 mM), a muscarinic receptor 
antagonist; α,β-methylene-ATP  (10 mM), a potent purinergic 
agonist that desensitises P2X purinoceptors; 1-[p-Chlorobenzoyl]-
5-methoxy-2-methylindole-3-acetic acid (indomethacin; 5 mM), 
an inhibitor of cyclooxygenase 1 and 2 (COX 1/2); 1H-[1,2,4]
oxadiazolo[4,3-a]quinoxalin-1-one (ODG; 10 mM), an inhibitor 
of guanylate cyclase; and [D-p-Cl-Phe6,Leu17]-vasoactive intestinal 
peptide (PheLeu-VIP; 100 nM), a vasoactive intestinal polypeptide 
receptor antagonist. Responses to EFS were repeated in the pres-
ence of one of the above antagonists/inhibitors which were equili-
brated with tissues for 30 minutes before obtaining responses to 
EFS. Only one drug was tested on each tissue and control experi-
ments confirmed responses to EFS did not change over this short 
time period.

Drugs Used
Atropine (sulfate salt monohydrate), α,β-methylene ATP 

(lithium salt), L-NNA, indomethacin, PAG (propargylglycine), 
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AOAA (aminooxyacetic acid), methylene blue hydrate, guanethi-
dine, PheLeu-VIP, ODQ, and tetrodotoxin were obtained from 
Sigma (St. Louis, MO, USA). ZnPPIX (zinc protoporphyrin IX) 
was obtained from Tocris Bioscience (Ellisville, MO, USA).

Statistical Methods
Changes in developed tension were represented as a percent-

age of the tone of the tissue at the time of stimulation and the mean 
± SEM were calculated. The responses seen in the presence of 
antagonist/inhibitor were compared to the initial responses in the 
absence of antagonist/inhibitor from the same tissue strip using Stu-
dent’s paired t test. A P-value of ≤ 0.05 was considered statistically 
significant. 

Results  

Influence of Frequency of Stimulation
The IAS responded to EFS with a relaxation which was fol-

lowed by a frequency-dependent contraction (Fig. 1). At 5 Hz 
stimulation the relaxation was fast, lasting 2-3 seconds, followed by 
a contraction of approximately 10 seconds duration. Stimulation 
at a frequency of 10 Hz produced a contraction that was greatly 
increased in both size and duration and appeared to mask the relax-
ation. The responses were neurogenic in origin, and the neurotoxin 
tetrodotoxin (3 mM, n = 8) completely abolished contractions at 
both frequencies. Relaxations to EFS were also greatly reduced by 
tetrodotoxin (3 mM) by 78.3 ± 2.8% and 91.5 ± 1.6% at 5 Hz 

A
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B

D

0.5 g

0.5 g

5 seconds

5 Hz Enhanced relaxation

10 Hz 10 Hz

Contraction failed to

reach baseline
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Figure 1. Experimental traces of internal anal sphincter (IAS) responses to electrical field stimulation in the absence and presence of the adrenergic 
neurone blocker guanethidine (10 mM; A, B) before and after desensitisation of P2X purinergic receptors with α,β-methylene-ATP (10 mM; C, 
D). Both drugs reduced contractions and enhanced the relaxations. In the presence of guanethidine, contractions remained below the initial base-
line tone. 
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and 10 Hz respectively (both P < 0.001).

Contractile Responses to Electrical Field Stimulation
Removal of the adrenergic component with guanethidine (10 

mM) almost completely abolished the contraction of the IAS to 
electrical stimulation at both frequencies (Table 1). Guanethidine 
reduced the large contractile responses at 5Hz and 10 Hz to con-
tractions that were superimposed on large relaxations and only 
recovered to 30% and 20% below the baseline respectively (Fig. 1). 
Contractile responses were also reduced following desensitization of 
P2X receptors with the potent purinoceptor agonist α,β-methylene-
ATP (10 mM). Responses at both frequencies were reduced, but 
the effect was only statistically significant for responses at 5 Hz 
(Table 1). In contrast, responses to electrical stimulation were not 
significantly altered by the presence of the muscarinic receptor an-
tagonist, atropine (1 mM; Table 1). 

Relaxation Responses of the Internal Anal Sphincter
The relaxation responses obtained after removing adrenergic, 

cholinergic, and purinergic contractions with guanethidine (10 

mM), atropine (1 mM), and a,β-methylene-ATP (10 mM) were 
also examined in greater detail to determine which inhibitory neu-
rotransmitters were involved and their relative importance. Under 
these conditions, relaxations to EFS were unaffected by the COX 
1/2 inhibitor, indomethacin (5 mM, n = 14) or the VIP-receptor 
antagonist, PheLeu-VIP (100 nM, n = 6; Table 2). However, in 
the presence of the NO synthase inhibitor L-NNA (100 mM), 
relaxations were reduced by 40-50% (Fig. 2). Inhibition of guanyl-
ate cyclase with ODQ (10 mM) produced a greater inhibition than 
L-NNA, but a combined L-NNA + ODQ treatment did not pro-
duce a greater inhibition of relaxation than ODQ alone (Fig. 2).

In another series of experiments the non-nitrergic relaxation 
remaining in the presence of L-NNA (100 mM) was investigated 
further. As previously, these relaxation experiments were performed 
in the presence of guanethidine (10 mM), atropine (1 mM), and 
a,β-methylene-ATP (10 mM) to remove contractile responses. The 
relaxations obtained in the additional presence of L-NNA (100 
mM) were not affected by either the adenosine receptor (P1) an-
tagonist 8-phenyltheophyline (10 mM, n = 5) nor the P2-purino-
ceptor antagonist suramin (100 mM, n = 5; data not shown). The 

Table 1. Mean (± SEM) Contractions Developed by Tissues in Response to Electrical Field Stimulation. 

Drug/frequency
Contraction (% of baseline) Inhibition  

(% of control response)Absence of drug Presence of drug

Guanethidine (10 mM, n = 7) 5 Hz 21.5 ± 10.3 –9.0 ± 4.8a 130.7 ± 47.2
10 Hz 55.7 ± 17.3 –8.2 ± 9.1a 120.0 ± 18.7

Atropine (1 mM, n = 8) 5 Hz 31.1 ± 6.1 24.7 ± 7.9 10.0 ± 20.8
10 Hz 46.4 ± 9.2 35.3 ± 7.3 13.6 ± 20.2

α,β-methylene-ATP (10 mM, n = 4) 5 Hz 33.4 ± 9.6 19.2 ± 7.4a 44.8 ± 5.0
10 Hz 42.5 ± 6.1 35.0 ± 7.8 20.4 ± 15.1

aP < 0.01 compared to responses in the absence of drug. 
Responses are expressed as a percentage of the initial resting tone immediately prior to stimulation. In the presence of guanethidine only relaxation responses were 
observed (indicated by negative values). 

Table 2. Relaxation Responses Expressed As a Percentage of the Tone of the Tissue at the Time of Stimulation. 

Drug/frequency
Relaxation (% of baseline) Inhibition  

(% of control response)Absence of drug Presence of drug

L-NNA (100 mM, n = 26) 5 Hz 56.6 ± 2.2 32.8 ± 2.8a 42.6 ± 4.2
10 Hz 45.4 ± 3.7 19.9 ± 2.9a 60.4 ± 4.9

Indomethacin (5 mM, n = 14) 5 Hz 44.9 ± 3.7 44.0 ± 3.6 1.7 ± 2.7
10 Hz 47.1 ± 4.2 45.4 ± 4.5 4.5 ± 4.1

PheLeu-VIP (100 nM, n = 6) 5 Hz 50.0 ± 4.2 48.0 ± 3.9 3.5 ± 2.5
10 Hz 52.6 ± 4.9 52.0 ± 4.3 0.7 ± 2.2

aP < 0.001 compared to response in the absence of drug.
L-NNA, Nω-nitro-L-arginine; PheLeu-VIP, [D-p-Cl-Phe6,Leu17]-vasoactive intestinal peptide.
An increase in inhibition indicates that the drug did not reduce the relaxation, rather it increased the relaxation. 
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possible contribution to relaxation by CO was examined using zinc 
protoporphyrin IX (ZnPPIX, 10 mM), which inhibits the synthesis 
of CO by heme oxygenase, and the contribution to relaxation by hy-
drogen sulfide (H2S) was examined using a combination of propar-
gylglycine (PAG, 1 mM) and aminooxyacetic acid (AOAA, 30 

mM) to inhibit H2S synthesis. The inhibition of either CO synthe-
sis or H2S synthesis reduced relaxation to EFS by 20-40% and 15-
20% respectively (Fig. 3). The inhibition of guanylate cyclase with 
ODQ reduced relaxations by about 70% and removing H2S with 
PAG + AOAA further reduced relaxation responses producing 
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Figure 3. Effects of inhibitors of carbon monoxide (CO) and hydrogen sulfide synthesis on relaxations of the internal anal sphincter. Relaxations 
to electrical field stimulation (EFS) were examined after removal of the contractile components of responses with guanethidine (10 mM), atropine 
(1 mM), and α,β-mATP (10 mM). Responses were obtained at (A) 5 Hz and (B) 10 Hz in the absence and presence of the HO inhibitor zinc 
protoporphyrin IX (ZnPPX; 10 mM) and/or inhibitors of the hydrogen sulfide (H2S) synthesizing enzymes, propargylglycine (PAG; 1 mM), and 
aminooxyacetic acid (AOAA; 30 mM). Mean responses (± SEM, n = 5-10) are expressed as a percentage of the control pre-drug response to 
EFS. **P < 0.01, ***P < 0.001 compared to control values in the absence of inhibitors of CO and H2S synthesis.
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Figure 2. Effects of Nω-nitro-L-arginine (L-NNA; 100 mM) and 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; 10 mM), alone and in 
combination, on the relaxations induced by electrical field stimulation after removal of the adrenergic, cholinergic and purinergic contractile com-
ponents of responses. Relaxations to electrical field stimulation (EFS) were examined at (A) 5 Hz and (B) 10 Hz. Mean responses (± SEM, n = 
5-10) are expressed as a percentage of the control pre-drug response to EFS. **P < 0.01, ***P < 0.001 compared to control values in the absence 
of inhibitors.
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greater inhibition than ODQ alone. In contrast the effects of CO 
removal with ZnPPIX were not additive with ODQ, the combina-
tion of ZnPPX + ODQ yielding the same reduction in relaxation 
to EFS as ODQ alone (Fig. 3).

Discussion  

In the pig anal sphincter, guanethidine was used to investigate 
the role of noradrenaline in the contraction of this tissue. Guanethi-
dine is a neurotoxin selective for adrenergic nerves and abolishes 
adrenergic nerve transmission completely at a concentration of 10 
mM.10 Guanethidine (10 mM) depressed contractions completely 
from a large contraction above the baseline to one that failed to in-
crease to the baseline level following the initial relaxation response, 
suggesting a prolonged relaxation mechanism. Thus guanethidine 
inhibited contraction by > 100%, which prevented an accurate 
calculation of the contribution of noradrenaline to contraction of the 
IAS. Although the exact contribution of noradrenaline could not be 
calculated it can be concluded that noradrenaline is the main excit-
atory neurotransmitter released in the IAS. In previous studies we 
have shown that these adrenergic responses are mediated via α1A/L-
adrenoceptors.9

In the present study desensitisation of P2X receptors also de-
pressed responses to EFS indicating an excitatory neurotransmitter 
role for ATP in this tissue. ATP is often released as a co-transmitter 
from autonomic nerves and is released with noradrenaline in many 
tissues including the colon11 and vasculature.12 These previous 
studies used the agonist α,β-methylene-ATP to desensitize P2X 
purinergic receptors. This potent agonist was used to desensitise 
the purinergic receptors of the IAS and it depressed contractile 
responses to EFS, but the inhibition was significantly less than that 
produced by guanethidine. The reduction of contraction to EFS 
by α,β-methylene-ATP was greater at 5 Hz stimulation than at 
10 Hz suggesting that ATP provides a greater contribution to 
contractions at lower frequencies of stimulation. Thus the present 
results suggest a role for ATP in the neurogenic contractions of the 
anal sphincter via P2X receptors, at least at lower frequencies of 
stimulation. Surprisingly, a previous study suggested that ATP is 
an inhibitory neurotransmitter in the IAS.4 In other tissues such as 
the bladder, ATP is able to induce smooth muscle relaxation via 3 
possible mechanisms: (1) directly via P2Y receptors, (2) indirectly 
by inducing NO release from epithelial cells, and (3) indirectly via 
P1 receptors after being broken down to adenosine.13 However, in 
the current studies the mucosa had been removed before tissues 
were set up and neither the P2-receptor antagonist suramin, nor 

the P1-receptor antagonist 8-phenyltheophyline had any effect on 
relaxations, thus ruling out a role for ATP in relaxation responses of 
this tissue.

After inhibition of the contractile responses, relaxation respons-
es to EFS were greatly enhanced and the mechanisms involved 
were investigated in more detail. The NO synthase inhibitor L-
NNA (100 mM) reduced the relaxation induced by field stimula-
tion by approximately 40-60%, suggesting that NO is responsible 
for approximately half of the relaxation response of the sphincter to 
nerve stimulation. Also a number of other non-nitrergic inhibitory 
neurotransmitters have been proposed for the IAS including acetyl-
choline, VIP, CO, and H2S. Previous studies have suggested that 
muscarinic receptor stimulation results in relaxation which appears 
to be mediated via the release of NO.5 In the present study musca-
rinic receptor stimulation with carbachol elicited contractions and 
no relaxation was observed. Furthermore, atropine had no effect on 
the excitatory responses to EFS and the inhibitory responses were 
obtained in the presence of atropine, ruling out a contribution from 
acetylcholine. In other tissues, such as blood vessels muscarinic 
receptor stimulation of epithelial cells can release NO to induce 
relaxation.14 Similarly, in the urinary bladder, muscarinic receptors 
are responsible for direct smooth muscle contraction,15 but they may 
also stimulate release of NO from urothelial cells.16-18 In the present 
study experiments were performed on muscle strips with the mu-
cosa removed to allow neurotransmission to be examined without 
the complication of epithelial influences and no relaxation responses 
were observed.

The non-nitrergic relaxation induced by EFS in the presence 
of L-NNA was also investigated. Neither the VIP receptor antago-
nist PheLeu-VIP nor the COX1/2 inhibitor indomethacin signifi-
cantly reduce the non-nitrergic relaxation ruling out a role for VIP 
or prostaglandins in relaxation of the pig IAS, a conclusion also 
reached by Acheson et al19 in the sheep IAS. However the guanyl-
ate cyclase inhibitor ODQ20 did have a significant effect, reducing 
relaxations by approximately 70%. CO, which mediates smooth 
muscle relaxation responses via cGMP, is an inhibitory neurotrans-
mitter that plays a role in the relaxation of the opossum sphincter.21 
Using immunocytochemistry in the same animal, the enzyme heme 
oxygenase (HO), which produces CO, has been found to be pres-
ent in the myenteric and submucosal neurones of the IAS as well 
as in the interstitial cells of Cajal (ICCs) found in this tissue.22 The 
non-nitrergic relaxation of the pig IAS to field stimulation was 
greatly reduced by ODQ which suggests the involvement of CO 
in the relaxation of this tissue. This was confirmed using ZnPPIX 
an inhibitor of HO which is responsible for the synthesis of CO. 
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This inhibitor reduced IAS relaxation responses by about 20% and 
this effect was not additive with ODQ. These data suggest that the 
ODQ sensitive component of the relaxation is composed of pre-
dominantly NO (50%) but with a smaller contribution from CO 
(20%). 

In the presence ODQ, the remaining small, non-NO, and 
non-CO relaxation must be mediated via a neurotransmitter that is 
cGMP independent. It has been shown that the enzymes respon-
sible for the production of H2S are present in the enteric nerves and 
the myenteric ICCs,23 both of which can be found in the IAS.8,24 
Inhibition of H2S synthesis with PAG + AOAA depressed relax-
ation responses to EFS and the depression was additive to that of 
ODQ and therefore independent of cGMP indicating a small role 
for H2S in relaxation of the IAS to EFS. 

In conclusion the neurogenic contraction of the porcine IAS 
can be attributed mainly to noradrenaline and ATP, with both 
neurotransmitters probably released from adrenergic nerves. The 
smooth muscle of the IAS responds with contraction to muscarinic 
receptor stimulation, but neurotransmission, at least in the pig IAS, 
does not appear to involve acetylcholine. The relaxations of the IAS 
to electrical stimulation appears to be mediated by the simultaneous 
release of all 3 gaseous transmitters with relative contributions NO 
> CO > H2S. Non-adrenergic non-cholinergic relaxations of the 
IAS have been shown in other species, with an involvement of NO, 
CO, and possibly H2S. However, this study demonstrates the si-
multaneous release of all three gaseous neurotransmitters, and their 
combined contributions, in mediating relaxation of the porcine IAS.

All these transmitters represent possible targets for drug devel-
opment where enhancing sphincter tone may aid the treatment of 
fecal incontinence or reductions in IAS tone can aid healing of anal 
fissures.
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