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Nitric oxide enhances inhibitory synaptic transmission and 
neuronal excitability in guinea-pig submucous plexus
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Varicosities immunoreactive for nitric oxide synthase (NOS) make synaptic connections with 
submucosal neurons in the guinea-pig small intestine, but the effects of nitric oxide (NO) on 
these neurons are unknown. We used intracellular recording to characterize effects of sodium 
nitroprusside (SNP, NO donor) and nitro-l-arginine (NOLA, NOS inhibitor), on inhibitory synaptic 
potentials (IPSPs), slow excitatory synaptic potentials (EPSPs) and action potential firing in 
submucosal neurons of guinea-pig ileum in vitro. Recordings were made from neurons with the 
characteristic IPSPs of non-cholinergic secretomotor neurons. SNP (100 μM) markedly enhanced 
IPSPs evoked by single stimuli applied to intermodal strands and IPSPs evoked by trains of 2–10 
pulses (30 Hz). Both noradrenergic (idazoxan-sensitive) and non-adrenergic (idazoxan-insensitive) 
IPSPs were affected. SNP enhanced hyperpolarizations evoked by locally applied noradrenaline 
or somatostatin. SNP did not affect slow EPSPs evoked by single stimuli, but depressed slow 
EPSPs evoked by stimulus trains. NOLA (100 μM) depressed IPSPs evoked by one to three 
stimulus pulses and enhanced slow EPSPs evoked by trains of two to three stimuli (30 Hz). SNP 
also increased the number of action potentials and the duration of firing evoked by prolonged 
(500 or 1000 ms) depolarizing current pulses, but NOLA had no consistent effect on action 
potential firing. We conclude that neurally released NO acts post-synaptically to enhance IPSPs 
and depress slow EPSPs, but may enhance the intrinsic excitability of these neurons. Thus, NOS 
neurons may locally regulate several secretomotor pathways ending on common neurons.
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et al., 2003). In the guinea-pig, nNOS neurons are widespread in the 
myenteric plexus, but there are few, if any, nNOS neurons in the sub-
mucosal plexus (Furness et al., 1994). Thus, the submucosal plexus is 
ideal for analysis of the role of NO released from synaptic terminals as 
there is a clear innervation by nNOS-immunoreactive nerve terminals 
arising from myenteric interneurons (Li et al., 1995).

There are no previous studies of the effects of NO on either 
synaptic transmission or the excitability of submucosal neurons. 
However, the NO donor, SNP, produces a marked increase in cyclic 
GMP levels within the 45% of submucosal neurons immunoreactive 
for vasoactive intestinal peptide (VIP) (Young et al., 1993). These 
neurons are non-cholinergic secretomotor neurons (Bornstein and 
Furness, 1988) and receive a large variety of converging synaptic 
inputs (Gwynne and Bornstein, 2007). They exhibit fast excita-
tory synaptic potentials (EPSPs) lasting up to 50 ms; at least two 
pharmacologically distinct classes of inhibitory synaptic potentials 
and three classes of slower EPSPs. We examined the effects of NO 
on the IPSPs and slow EPSPs in the VIP neurons, to determine 
whether NO modifies their excitability and whether inhibition of 
NOS reveals similar effects of endogenous NO.

Materials and Methods
tissue preparation
Guinea-pigs (160–310 g) were stunned by a blow to the back of the 
head and killed by severing the spinal cord and carotid arteries. The 
experiments were conducted in accordance with the National Health 

introduction
Neuronal nitric oxide synthase (nNOS) is widely distributed in the 
central and peripheral nervous systems. Its product nitric oxide 
(NO) is a well established mediator of vasodilatation and gastroin-
testinal relaxation. Despite intense interest in actions of NO at 
central synapses (see Garthwaite, 2008), there have been very few 
studies of its role at enteric synapses.

In the gastrointestinal tract, nNOS is expressed by descending 
interneurons and inhibitory motor neurons supplying the intestinal 
smooth muscle. NO is well recognized as a inhibitory transmitter to 
the intestinal muscle (Lecci et al., 2002), but may also contribute to 
generation of complex motor patterns mediated by the enteric neural 
circuitry (Lyster et al., 1995; Spencer et al., 1998; Roberts et al., 2007, 
2008). However, determining sites of action of the NO is compli-
cated by the presence of nNOS in both myenteric nerve terminals 
and myenteric cell bodies (Costa et al., 1996) and evidence that NO 
can act as a retrograde messenger from post-synaptic neurons to their 
synaptic inputs (Yuan et al., 1995). This observation was consistent 
with a report by Tamura et al. (1993) that the NO donor sodium 
nitroprusside (SNP) depresses slow EPSPs in some myenteric neurons. 
However, it contrasts with a later report from Dickson et al. (2007) 
suggesting that NO is the transmitter mediating inhibitory synaptic 
potentials (IPSPs) in some myenteric neurons in the guinea-pig colon. 
There is also significant evidence that neurally released NO regulates 
secretion of water and electrolyte across the intestinal mucosa by act-
ing on the secretomotor neurons of the submucosal plexus (Mourad 
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pharMacology
In most cases, pharmacological agents were applied to the record-
ing bath via the saline perfusate. Agents included sodium nitro-
prusside (SNP, 100 μM; Merck, Victoria, Australia), idazoxan 
(2 μM;) and N-nitro-l-arginine (NOLA, 100 μM) (both from 
Sigma-Aldrich, Sydney, Australia). These agents were made up to 
working concentrations in physiological saline from stock solu-
tions kept at 4°C. Drugs were allowed to equilibrate for 5–15 min 
and washed out for 20–60 min before washout responses were 
sought.

In some experiments, noradrenaline (1 mM) and 
 somatostatin-14 (SOM, 100 μM, both from Sigma-Aldrich, 
Sydney, Australia) were applied to the cell body by pressure ejec-
tion (15 p.s.i, 50–250 ms) from a micropipette (tip approximately 
10 μm) positioned just above the impaled neuron (Picospritzer III, 
Parker Instrumentation, Hadland Photonics, Victoria, Australia) 
(Foong and Bornstein, 2009a).

statistics
Recordings were measured using AxoScope 9, and statistical data 
were analyzed with Microsoft Excel (Microsoft, USA), Origin 7.5 
(OriginLab, MA, USA) and Minitab 14 (Minitab Inc, PA, USA). 
Parameters measured: amplitude (slow EPSPs and IPSPs), dura-
tion (IPSPs), number of action potentials and duration of firing. 
Amplitudes of synaptic potentials were measured from resting 
membrane potential to peak, and duration was measured from 
the first change in membrane potential to the point at which the 
voltage returned to resting potential.

Replicate measurements within individual cells were aver-
aged for comparisons between neurons. n refers to the number 
of neurons recorded. Numbers given are mean ± S.E.M. unless 
otherwise stated. Student’s t test (paired, two-tailed) or two-
factor ANOVA were used to compare synaptic potential data. 
Two-factor ANOVA was also used to assess the effect of current 
intensity and drug treatment on the number of action potentials 
and firing duration. In experiments with NOLA, a single-tailed 
test was used as the results could be predicted from the SNP 
experiments. In all cases, P values <0.05 were considered statis-
tically significant.

The washouts were performed to confirm that the responses 
were reversible and not time-dependent.

results
A total of 179 neurons from 88 preparations responded to focal 
stimulation of an internodal strand (3 pulses 30 Hz) with an IPSP 
and were considered for further analysis. Of these, impalements 
in 51 were stable for long enough (45–150 min) to allow phar-
macological studies and the data from these is set out below. All 
these neurons exhibited fast EPSPs in response to single pulses 
and several also exhibited intermediate EPSPs (Bornstein et al., 
1986; Monro et al., 2004), although no systematic search was 
made for the latter. Most neurons with IPSPs also exhibited slow 
EPSPs in response to a single stimulus and/or trains of up to 
10 stimuli (30 Hz). Membrane properties of these neurons were 
similar to those reported previously (e.g. input resistance ranged 
from 43 to 650 MΩ, with a mean of 224 MΩ, n = 40; Bornstein 
et al., 1986).

and Medical Research Council (Australia) guidelines, and approved 
by the University of Melbourne Animal Experimentation Ethics 
Committee. Preparations of submucous plexus were dissected from 
the small intestine using methods previously described (Hirst and 
McKirdy, 1975; Bornstein et al., 1986) and pinned mucosal surface 
down in a recording chamber continuously superfused with physi-
ological saline (composition in mM): NaCl 118, KCl 4.8, NaHCO

3
 

25, NaH
2
PO

4
 1.0, MgSO

4
 1.2, CaCl

2
 2.5, d-glucose 11, bubbled with 

95% O
2
, 5% CO

2
 at 34–36°C (4–6 mL/min).

electrophysiology
Conventional intracellular recording methods were used as previ-
ously described to record from submucosal neurons (Bornstein 
et al., 1986; Monro et al., 2004). Microelectrodes usually con-
tained 1 M KCl (tip resistance 100–200 MΩ), but in a small 
number of experiments 1% biocytin was added to the electrode 
solution to allow impaled neurons to be reidentified histologi-
cally after fixation. Impalement durations ranged from 0.5 to 
3.5 h with neuronal characterization starting at least 5–10 min 
after impalement.

Synaptic potentials were evoked by electrical stimulation of 
interganglionic fiber tracts with a monopolar tungsten stimulating 
electrode (tip diameter 50–80 μm). Stimuli were delivered as either 
single pulses or trains of 2, 3, 5, 10 or 15 pulses at 30 Hz. These 
parameters have been previously shown to evoke the full range of 
different synaptic potentials that can be seen in submucosal neurons 
including fast EPSPs (single pulses), intermediate EPSPs (single 
pulses), IPSPs (1–15 pulses), slow EPSPs mediated by P2Y

1
 recep-

tors (single pulses) and non-purinergic slow EPSPs (3–15 pulses). 
Stimulus parameters were typically 1.5 mA (range 0.3–2 mA) and 
0.5 ms duration (Master-8 stimulator, ISO-Flex stimulus isola-
tion unit; both from AMPI, Jerusalem, Israel). Stimulus currents 
were adjusted to reliably evoke the synaptic responses (this varied 
between preparations); duration was restricted to 0.5 ms to prevent 
stimulation of residual muscle on the preparation. These settings 
were retained for later stimulus trains.

Action potentials were evoked by depolarizing current pulses 
(500 or 1000 ms duration, 5 s apart) injected via the recording 
electrode. The magnitude of the current pulse was increased in steps 
over the range 10–200 pA to identify whether the firing changed 
with increases in stimulus amplitude.

Input resistance was taken as the gradient of a plot of the mem-
brane voltage change (steady-state) against the magnitude of hyper-
polarizing and depolarizing current pulses (±10 to 100 pA, 500 or 
1000 ms duration, 5 s apart).

identification of neuronal subtype
Impaled neurons that exhibited an IPSP in response to a train of 
three pulses at 30 Hz were assumed to be VIP secretomotor neu-
rons, because IPSPs are seen in all these neurons and are absent 
from other submucosal neurons (Bornstein et al., 1986; Evans et al., 
1994). Neurons lacking IPSPs were not studied further. In a few 
cases, electrophysiological identification of neurons with IPSPs was 
confirmed via intracellular injection of biocytin and subsequent 
immunohistochemistry (for details of Methods see Monro et al., 
2004). All neurons with IPSPs were found to be immunoreactive 
for VIP.
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snp suppresses soMe slow epsps
Of the 43 neurons exposed to SNP, 36 exhibited slow EPSPs evoked 
by focal electrical stimulation. The amplitudes of slow EPSPs meas-
ured at their peaks after IPSPs had returned to resting membrane 
potential did not vary noticeably with the number of stimulus 
pulses applied (Figure 1D). The mean amplitudes of the 1-, 3- 
and 10-pulse slow EPSPs were 6.1 ± 0.6 mV, 6.8 ± 0.9 mV and 
7.7 ± 1.6 mV respectively. SNP did not affect slow EPSPs evoked 
by single stimuli, responses known to be mediated by P2Y

1
 recep-

tors (Hu et al., 2003; Foong and Bornstein, 2009b), but decreased 
the amplitudes of slow EPSPs evoked by trains of stimuli at 30 Hz 
(Figure 1D). Three-pulse and 10-pulse slow EPSPs were decreased 
by 47% (to 3.6 ± 0.5mV; P < 0.001, n = 28) and 57% (to 3.3 ± 1.0mV; 
P < 0.01, n = 15) respectively. Slow EPSPs evoked by such trains do 
not appear to be mediated by P2Y

1
 receptors (Foong and Bornstein, 

2009b). Amplitudes returned to (or exceeded) control values in 
cells where washout of SNP was achieved.

Slow EPSP durations were highly variable, both within and 
between neurons. This made it difficult to assess pharmacological 
effects; for this reason these data are not presented.

inhibition of endogenous nos depresses ipsps
In other experiments, the effects of a NOS inhibitor NOLA (100 μM) 
were tested on synaptic potentials evoked by 1, 2 and 3 pulse stimuli 
(2, 3 pulses at 30 Hz) in neurons selected for study because they 

snp enhances ipsps
The amplitudes of IPSPs increased monotonically with the number 
of stimulus pulses applied, up to 10 pulses (Figure 1B), mean ampli-
tudes of 1- and 10-pulse IPSPs were 6.1 ± 1.4 mV and 21.4 ± 1.6 mV 
respectively. In the same neurons, the NO donor SNP (100 μM) 
enhanced the amplitudes of electrically evoked IPSPs (Figure 1A); 
this was statistically significant for all stimulus trains. One-pulse 
IPSPs increased 56% (to 9.6 ± 1.5 mV, n = 24), while 10-pulse IPSPs 
increased 31% (to 28.0 ± 1.2 mV, n = 22).

The duration of IPSPs similarly increased with the number of 
stimulus pulses applied, up to 10 pulses (Figure 1C). The mean 
durations of the 1- and 10-pulse IPSPs were 0.42 ± 0.07 s and 
2.6 ± 0.70 s respectively. As seen in Figure 1C, SNP increased the 
mean durations of IPSPs evoked by shorter stimulus trains (1, 2, 
3 and 5 pulses). One-pulse IPSPs increased 52% (to 0.63 ± 0.09 s; 
P < 0.01, n = 22) and 5-pulse IPSPs increased 47% (to 1.8 ± 0.20 s; 
P < 0.001, n = 25). A similar trend applied to the 10-pulse IPSPs, 
but the effect was not statistically significant.

These experiments required prolonged recordings and washout 
data were not always obtained. However, the effect of SNP generally 
reversed upon washout.

Sodium nitroprusside had no significant effect on membrane 
potential, (control 49 ± 2 mV, SNP 49 ± 3 mV, n = 14, P > 0.2) 
but produced a significant increase in input resistance (control 
154 ± 29 MΩ, SNP 357 ± 43 MΩ; P < 0.01, n = 9).

FIgurE 1 | SNP enhances IPSPs but suppresses some SEPSPs. (A) IPSPs 
evoked by a 3-pulse stimulus in control (black) and SNP (100 μM) (red).  
(B,C) Quantitative data for the effects of SNP on amplitudes and durations 

respectively of 1-, 2-, 3-, 5- and 10-pulse evoked IPSPs (control solid black line, 
SNP solid red line). (D) SNP reduced the amplitudes of 2-, 3-, 5- and 10-pulse 
slow EPSPs, but had no effect on single stimulus evoked SEPSPs. *P < 0.05.
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snp enhances noradrenaline evoked hyperpolarizations
Noradrenaline-evoked hyperpolarizations (1 μM in pressure 
pipette) were measured in the presence of SNP to test whether the 
effects of the NO donor were pre- or post-synaptic. SNP markedly 
enhanced the hyperpolarizations evoked when noradrenaline was 
applied to the cell bodies of neurons with IPSPs (Figures 3A,B,C) 
indicating that at least part of the action of NO is post-synaptic 
(control NA 16.9 ± 1.5 mV, SNP 19.8 ± 1.2, P = 0.02).

snp enhances non-adrenergic ipsps
The IPSPs in these neurons are largely mediated by noradrena-
line acting at α

2
-adrenoceptors, but a non-adrenergic component 

has also been reported (Mihara et al., 1987; Bornstein et al., 1988; 
Shen and Surprenant, 1993). To test whether the NO donor acted 
only on noradrenergic IPSPs, or if its effect was more general, the 
noradrenergic component was blocked using the α

2
-receptor antag-

onist idazoxan and the effects of SNP on the residual IPSPs was 
examined. Idazoxan (2 μM) depressed IPSPs evoked by 1–10 pulse 
trains (Figure 4) and abolished responses to local noradrenaline 
(not illustrated).

The residual IPSPs in idazoxan were enhanced by SNP (Figure 4, 
n > 7), although this effect was not statistically significant for 3-pulse 
(n = 9) trains of stimuli.

The non-adrenergic IPSPs are partly mediated by SOM via at 
SSTR

1
 and SSTR

2
 receptors (Shen and Surprenant, 1993; Foong 

et al., 2010). SNP significantly enhanced hyperpolarizations evoked 
by locally applied SOM (Figures 3D–F, control SOM 20.5 ± 1.9, 
SNP 24.6 ± 2.2 mV; P = 0.02) indicating that its effects on the non-
adrenergic IPSPs were post-synaptic.

no Modulates the excitability of subMucosal neurons
In control preparations, long depolarizing current pulses initiate 
action potentials in VIP neurons, but only at the start of the depo-
larization (Figure 5, Gwynne et al., 2009). This firing pattern was 
markedly altered by SNP (100 μM), which greatly prolonged the 
firing of action potentials and increased the number fired by any 
given current pulse (500 or 1000 ms, Figure 5). Firing in SNP often 
continued throughout the depolarization (two of five cells tested 
with 500 ms pulses and five of seven cells tested with 1000 ms 
pulses), so values shown in Figure 5 for responses in SNP are under-
estimates. The increased firing produced by SNP was not due to an 
increase in the maximum firing frequency of these neurons, because 
maximum frequency was unaffected by SNP (control 46 ± 10 Hz, 
SNP 56 ± 7 Hz, P > 0.35, n = 7, two-tailed paired t test).

While SNP and NOLA had opposite effects on synaptic poten-
tials, the same was not observed for neuronal excitability. NOLA 
did not consistently reduce the number of action potentials or 
duration of firing evoked by prolonged depolarization (P > 0.05, 
single-tailed paired t test, n = 6).

discussion
Although NOS is found in nerve terminals and neuronal cell 
bodies throughout the enteric nervous system, there have been 
surprisingly few studies of the effects of either endogenous or 
exogenous NO on synaptic transmission at any site. The results 
of this present study indicate that NO enhances inhibitory syn-
aptic transmission in the submucosal plexus via a post-synaptic 

had large IPSPs, thereby increasing the likelihood of detecting small 
decreases. Short trains were used because longer trains at 30 Hz may 
cause unphysiological release of NO and hence produce misleading 
results. NOLA, and hence blockade of endogenous NO synthesis, 
depressed IPSPs evoked by each of these stimuli (Figure 2) (one pulse 
IPSP control 15.1 ± 4.3 mV, NOLA 8.4 ± 3.9 mV, 44%, P < 0.02; three 
pulse IPSP control 28.7 ± 2.2 mV, NOLA 24.5 ± 2.1 mV, 15%, P < 0.01; 
n = 8; single-tailed tests). This was accompanied by a reduction in the 
duration of IPSPs, but this was only significant for responses to single 
stimuli (one pulse control 0.34 ± 0.06 s, NOLA 0.22 ± 0.07 s, P < 0.02, 
n = 7; 2 pulse control 0.61 ± 0.11 s, NOLA 0.49 ± 0.08 s, P > 0.1, n = 8; 
3 pulse control 0.77 ± 0.12 s, NOLA 0.66 ± 0.11 s, P > 0.05, n = 8; 
single-tailed tests), possibly because of a large variability in IPSP 
durations between different preparations.

inhibition of endogenous nos enhances slow epsps
Nitro-l-arginine produced small, but significant, increases in the 
amplitudes of the slow EPSPs evoked by 2 and 3 pulse trains (30 Hz, 
Figure 2A) (control 9.7 ± 0.6 mV, NOLA 11.7 ± 0.8 mV (P < 0.05, 
n = 7, single-tailed test) and control 9.8 ± 0.4 mV, NOLA 12.6 ± 0.6 mV 
(P < 0.05, n = 8, single-tailed test), respectively). NOLA did not affect 
slow EPSPs evoked by single pulses (control 9.1 ± 0.6 mV in control, 
NOLA 10.3 ± 0.9 mV (P > 0.5, n = 7, two-tailed test).

FIgurE 2 | Inhibition of endogenous NOS depresses IPSPs.  
(A) Three-pulse IPSP in control (black) and in the presence of NOLA (100 μM) 
(red) (B) Quantitative data; NOLA significantly reduced the amplitudes of  
1-, 2- and 3-pulse IPSPs. *P < 0.05 (single-tailed t test).
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(North and Surprenant, 1985; Foong et al., 2010). Further, the 
changes in neural excitability also produced by NO were due to a 
post-synaptic effect and SNP substantially increases intracellular 
cGMP specifically in the VIP neurons (Young et al., 1993).

no selectively depresses non-purinergic slow epsps in vip 
neurons
The conclusion that NO acts post-synaptically to enhance IPSPs 
contrasts with earlier findings on the effects of SNP on myenteric 
neurons; i.e., that NO acted pre-synaptically to inhibit slow EPSPs 
(Tamura et al., 1993). In the present study, SNP did not alter slow 
EPSPs evoked by single stimuli, responses mediated by P2Y

1
 recep-

tors (Hu et al., 2003; Monro et al., 2004; Foong and Bornstein, 
2009b), but depressed slow EPSPs evoked by trains of stimuli, 
which are mediated by a non-purinergic mechanism (Foong and 
Bornstein, 2009b). Several transmitters that contribute to these 
non-purinergic slow EPSPs including glutamate acting at mGluR1 
receptors (Foong and Bornstein, 2009b), but not 5-HT acting on 

mechanism, but  paradoxically enhances excitability of the same 
neurons. The enhanced inhibitory transmission involved both the 
noradrenergic IPSPs evoked by sympathetic stimulation and the 
non-adrenergic IPSPs that apparently arise from enteric inhibitory 
interneurons with cell bodies in the myenteric plexus (Mihara et al., 
1987; Bornstein et al., 1988; Foong et al., 2010). These changes are 
accompanied by a reduction in slow EPSP amplitudes, an effect 
confined to the non-purinergic component of these synaptic poten-
tials (Foong and Bornstein, 2009b).

no enhances ipsps via a post-synaptic MechanisM
This study clearly shows that the NO donor SNP enhances IPSPs, 
while blockade of endogenous production of NO depresses them. 
This is probably due increased post-synaptic efficacy of the trans-
mitters involved, as the NO donor markedly enhanced hyperpolari-
zations evoked by both noradrenaline and SOM. This suggests that 
NO acts downstream of the α

2
-, SSTR

1
- and SSTR

2
-receptors, which 

mediate responses to noradrenaline and SOM in these  neurons 

FIgurE 3 | Sodium nitroprusside enhances responses evoked by 
noradrenaline and somatostatin. (A) Hyperpolarization evoked by local 
application of noradrenaline (NA, at arrow, green), (B) response evoked  

by NA in presence of SNP (red). (C) Quantitative data (n – number of 
neurons).  (D,E) Hyperpolarizations evoked by SOM in control (blue) and 
SNP (red). (F) Quantitative data. *P < 0.05.
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5-HT
7
 receptors (Foong and Bornstein, 2009a) or tachykinins 

acting on NK
1
 or NK

3
 receptors (Foong and Bornstein, 2009b). 

Thus, determining a site of action of NO released by SNP would 
be difficult. However, the selectivity for non-purinergic slow EPSPs 
and the apparent post-synaptic site of action for effects on IPSPs 
suggests a post-synaptic site of action for the suppression of the 
slow EPSPs.

While there are clear pharmacological differences between the 
two types of slow EPSPs, the underlying conductance changes are 
more controversial. There is little doubt that the non- purinergic slow 
EPSPs are mediated via a decrease in K+ conductance (Surprenant, 
1984; Bornstein et al., 1986; Foong and Bornstein, 2009b), because 
they are associated with increased input resistance and reverse at 
about the K+ equilibrium potential. By contrast, there are conflicting 
reports about the P2Y

1
 mediated slow EPSPs with several studies 

indicating that they are associated with increased input resistance 
(Surprenant, 1984; Bornstein et al., 1986; Foong and Bornstein, 
2009b), but a more detailed study has reported that they result 
from an increase in a non-specific cation conductance (Hu et al., 
2003). Identification of the purinergic slow EPSP mechanism will 
aid in understanding the molecular site or sites of action of NO in 
the VIP neurons (see below).

FIgurE 4 | Sodium nitroprusside enhances non-adrenergic IPSPs.  
(A) Ten-pulse non-adrenergic IPSP (idazoxan present, black control, red in SNP 
and idazoxan). (B) Quantitative data showing the effects of SNP (red line) on 
the amplitudes of 1-, 2-, 3-, 5- and 10-pulse non-adrenergic IPSPs. *P < 0.05.

FIgurE 5 | Sodium nitroprusside increased the excitability of 
submucosal neurons displaying IPSPs. (A) Action potentials (APs) evoked 
by a 500-ms duration depolarizing current pulse in control (black), and in SNP 
(red). Quantitative data over a range of current amplitudes for AP number and 
firing duration (B,C). *P < 0.05 (two-tailed t test).
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endogenous no has effects on synaptic transMission siMilar 
to the no donor
The synaptic effects of NO synthesis suppression – decreased IPSPs 
and increased slow EPSPs – were opposite to those of SNP. This 
indicates that there was an endogenous source of NO within the 
isolated preparations. This may have been residual mucosal tissue 
left behind in the dissection or mast cells. However, the failure of 
NOS inhibition to consistently modulate action potential firing 
suggests that release of endogenous NO was not tonic as expected 
if NO was coming from non-neural tissue. There are varicosities 
immunoreactive for NOS within the submucosal ganglia (Furness 
et al., 1994; Li et al., 1995) that would be excited to release NO by 
the focal stimulation used in this study. These NOS terminals are 
probably the source of the endogenous NO that modulates synaptic 
transmission. These terminals come from myenteric interneurons 
immunoreactive for both VIP and NOS and form ultrastructurally 
identifiable synapses with both VIP and NPY neurons (Li et al., 
1995). The stimuli used in this study would be expected to excite 
these terminals along with the others ending on the VIP neurons 
(Figure 6) and so may well have produced NO release.

functions of endogenous no
At first glance it seems paradoxical that NO enhances inhibitory 
transmission and depresses some slow EPSPs, while simultaneously 
enhancing neural responses to depolarization. However, at least 

no enhances excitability of subMucosal vip neurons
A striking finding of this study was that, although synaptic inhibi-
tion was enhanced by the NO donor and slow synaptic excitation 
was partially suppressed, the overall excitability of the VIP neurons 
was greatly enhanced. This effect was seen as a reduction in the 
threshold depolarization needed to initiate action potentials and 
a greatly prolonged period of firing during depolarizing current 
pulses, but was not due to an increased the maximum rate of fir-
ing during such current pulses. The enhanced firing was similar 
to that seen in the same class of neurons after preincubation of 
preparations with cholera toxin in the intestinal lumen (Gwynne 
et al., 2009). It is also similar to the enhanced firing seen in some 
myenteric neurons after TNBS-induced inflammation (Nurgali 
et al., 2007), although increased firing is not seen in submucosal 
neurons after inflammation (Lomax et al., 2005).

Sodium nitroprusside induced increased duration of firing 
suggests that NO acts to suppress a slowly activating ion chan-
nel that reduces neuronal excitability and prevents a firing during 
long depolarizations. It is likely that this is a voltage-dependent K+ 
channel, but the literature is curiously silent about the expression 
of specific channels by submucosal neurons. Substantially more 
work is needed to reveal the membrane mechanisms via which NO 
enhances excitability. What can be said, however, is that it is unlikely 
that the effects of cholera toxin are mediated by NO, because they 
are not accompanied by increased IPSPs.

FIgurE 6 | Schematic diagram of inputs to submucosal VIP neurons VIP 
neurons receive synaptic inputs from many sources; sympathetic neurons 
(Symp) are responsible for noradrenergic IPSPs; myenteric and submucosal 
intrinsic sensory neurons (ISN) are excitatory; myenteric interneurons 
immunoreactive for serotonin (5-HT) or SOM are likely to mediate the 

non-noradrenergic IPSPs and myenteric neurons immunoreactive for VIP/
nNOS are the probably source of endogenous NO released by electrical 
stimuli. SMP submucosal plexus, CM circular muscle, MP myenteric plexus, 
ACh acetylcholine, < denotes an excitatory synapse, denotes an 
inhibitory synapse.
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