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Significant progress has been made in resolving the

subpopulations of enteric neurones that carry out various

functions in the guinea-pig intestines. On the basis of

their neurochemical expression and projections, sub-

types of neurones characterised electrophysiologically

as ‘S’ neurones have been characterised as anally and

orally projecting interneurones, as well as excitatory and

inhibitory motor neurones (Brookes, 2001). In the distal

colon, it is likely that some S neurones are stretch-sensitive

and therefore may serve as primary afferent neurones as well

(Spencer et al. 2002, 2003). Neurones characterised electro-

physiologically as ‘AH’ neurones have been described as

multifunctional elements at the afferent limb of intrinsic

reflex circuitry (Costa et al. 1986; Gershon et al. 1994;

Furness et al. 1995; Kunze et al. 1995; Lomax et al. 1999).

The AH neurones of the myenteric plexus have been

identified as intrinsic primary afferents (IPANs) in the

ileum, as they respond to mucosal stimulation (Bertrand et
al. 1997; Furness et al. 1998; Kunze & Furness, 1999) and

stretch (Kunze et al. 1998, 2000). AH neurones also serve as

interneurones because they form interconnected, self-

reinforcing networks that act to synchronise motor events

in the bowel (Wood, 1994b; Kunze & Furness, 1999;

Thomas et al. 2000). Because AH neurones of the colon have

almost identical electrical, morphological, chemical coding

and axonal projection characteristics to those in the ileum

(Wade & Wood, 1988a,b; Lomax et al. 1999, 2001; Wada-

Takahashi & Tamura, 2000; Tamura et al. 2001), it has been

proposed that distal colonic AH neurones serve as IPANs

as well.

Changes in enteric nervous system (ENS) structure and

function have been observed in several models of intestinal

inflammation (for review see Castro, 1992; Wood, 1992;

Sharkey & Parr, 1996). Alterations in the electrical

properties of enteric neurones have been observed in

animal models of inflammation that involve active

parasitic infections (Palmer et al. 1998) or allergen-

induced responses (Frieling et al. 1994). However, because

inflammatory bowel disease (IBD) involves a cell-

mediated immune response (Kim & Berstad, 1992;

Fedorak, 1995), which is different from mechanisms that

mediate inflammation in those models, it is important to

identify changes in the electrical and synaptic properties of

enteric neurones in a model that more closely resembles

human IBD.
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The electrical and synaptic properties of myenteric neurones in normal and inflamed guinea-pig

distal colons were evaluated by intracellular microelectrode recording. Chronic inflammation was

established 6 days following administration of trinitrobenzene sulfonic acid (TNBS). In S neurones,

inflammation only altered synaptic inputs as the amplitude of fast excitatory postsynaptic

potentials were significantly larger (31 ± 2 mV compared to 20 ± 1 mV) and they were more likely

to receive slow excitatory synaptic input (85 % compared to 55 %). AH neurones displayed altered

electrical properties in colitis compared to control tissues: they generated more action potentials

during a maximal depolarising current pulse (7 ± 1 compared to 1.6 ± 0.2); they had a smaller

afterhyperpolarisation (9 ± 2 mV s compared to 20 ± 2 mV s); and they were more likely to receive

fast excitatory synaptic input (74 % compared to 17 %), possess spontaneous activity (46 %

compared to 3 %), and generate anodal break action potentials (58 % compared to 19 %). Although

the resting membrane potential, input resistance and action potential characteristics were unaltered

in AH neurones from inflamed tissues, they exhibited an enhanced Cs+-sensitive rectification of the

current–voltage relationship. This suggests that the increase in excitability of AH neurones may

involve a colitis-induced augmentation of the hyperpolarisation-activated cation current (Ih) in

these cells. An increased excitability, selectively in AH neurones, suggests that the afferent limb of

intrinsic motor reflexes is disrupted in the inflamed colon and this may contribute to dysmotility

associated with inflammatory diseases.
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The trinitrobenzene sulfonic acid (TNBS) model of

inflammation has been widely used in rats and mice, and

the extent of the inflammation is very reproducible. It has

acute and chronic phases and is immunologically and

histopathologically comparable to IBD, with features

similar to Crohn’s disease (Kim & Berstad, 1992; Fedorak,

1995). In addition, there are motility changes similar to

those seen in IBD (Morteau et al. 1993). The present study

was undertaken to elucidate what changes occur in the

electrical and synaptic properties of myenteric neurones

of the guinea-pig distal colon during TNBS-induced

inflammation.

METHODS 
Animal preparations
All methods used in this study were approved by the University of
Vermont Animal Care and Use Committee. Adult guinea-pigs
(Charles River, Montreal, Canada) of either sex, weighing
250–350 g, were housed in metal cages with soft bedding. The
animals had access to food and water ad libitum and were
maintained at 23–24 °C on a 12:12 h light–dark cycle.

In order to generate inflammation in the distal colon, guinea-pigs
were anaesthetised with isoflurane (induced at 4 %, maintained
on 1.5 % in oxygen) and 0.3 ml of trinitrobenzene sulfonic acid
(TNBS; 25 mg ml_1) in 30 % ethanol was delivered into the lumen
of the colon through a polyethylene catheter inserted rectally 7 cm
proximal to the anus. Control animals remained naïve until tissue
collection or they received 0.3 ml of intracolonic saline (0.9 %
NaCl) under anaesthesia. Animals were maintained in a
controlled environment for 6 days after TNBS or saline
administration. At the time of tissue collection, animals were
deeply anaesthetised with isoflurane and exsanguinated. The
severity of colitis was assessed by weight change and macroscopic
colonic damage scoring. Six days following saline or TNBS
administration, animals in the two groups gained 39 ± 2 g and
27 ± 3 g, respectively (P < 0.01 t test). The criteria for scoring of
gross morphological damage have been described previously
(McCafferty et al. 1997). A single administration of TNBS/ethanol
in the guinea-pig distal colon caused regional inflammation that
was characterised by ulceration, hyperaemia, adhesions and
oedema that were similar to previous reports in rat (Morris et al.
1989) and mouse (Neurath et al. 1995). Macroscopic damage
scores revealed that 6 days following administration, the colons of
TNBS-treated animals remained significantly damaged (mean
score of 4.9 ± 0.3, n = 37) compared to controls (mean score of
0.82 ± 0.02, n = 53; P < 0.001, t test). The characteristics of
inflammation 6 days post-TNBS were consistent with a chronic
inflammatory state.

Tissue preparation
The distal colon, identified as the part of the colon between the
hypogastric flexure and the pelvic brim, was removed and placed
in iced Krebs solution (mM: NaCl, 121; KCl, 5.9; CaCl2, 2.5; MgCl2,
1.2; NaHCO3, 25; NaH2PO4, 1.2; and glucose, 8; aerated with a
95 %O2/5 %CO2; all from Sigma, St Louis, MO, USA). Nifedipine
(5 mM) and atropine (200 nM)(Sigma) were added to eliminate
smooth muscle contraction. The mucosa, submucosa and circular
muscle of the colon were removed with forceps exposing the
myenteric plexus on the longitudinal smooth muscle. The
preparation was then moved to a 2.5 ml recording chamber.

Electrophysiological recordings
Preparations were continuously perfused at 7 ml min_1 with
Krebs solution containing nifedipine and atropine maintained at
37 °C. Glass microelectrodes used for recording were filled to the
shoulder with 1 % (w/v) neurobiotin (Vector Laboratories,
Burlingame, CA, USA) in 1.0 M KCl, and the remainder filled with
2.0 M KCl and had resistances in the range of 50–150 MV.
Myenteric ganglia were visualised at w 200 with Hoffman
modulation contrast optics through an inverted microscope
(Nikon Diaphot, Melville, NY, USA) and individual myenteric
neurones were randomly impaled. Transmembrane potential was
measured with an Axoclamp-2A amplifier (Axon Instruments,
Foster City, CA, USA) and electrical signals were acquired and
analysed using MacLab Chart or Scope software (AD Instruments,
Castle Hills, Australia). Synaptic activation of neurones was
elicited by direct stimuli (a single pulse of 0.5 ms or a train of
0.5 ms pulses at 20 Hz for 2–4 s) applied to fibre tracts in inter-
ganglionic connectives with monopolar extracellular electrodes
made from Teflon-insulated platinum wire. For some experiments,
tetrodotoxin (TTX) or hexamethonium (Sigma, St Louis, MO,
USA) were applied to preparations by addition to the circulating
Krebs solution. Unhealthy cells were excluded from the study if
the input resistance was below 50 MV or had an action potential
that peaked at a level less than 0 mV. A similar proportion of
neurones met exclusion criteria for each animal treatment group
(control: 20 %, 41/208 impalements; TNBS: 17 %, 22/128
impalements; P > 0.05 Fisher’s exact test).

Using criteria described previously for classifying neurones in the
guinea-pig small intestine (Bornstein et al. 1994; Wood, 1994a),
neurones in this study were classified as AH, S or nonspiking. The
most important criteria for classifying an individual neurone as
AH or S was the presence or absence, respectively, of a shoulder
on the repolarising phase of the action potential (Schutte et al.
1995). Morphological characterisation, which was successful in
61 % of recorded neurones, supported the electrophysiological
classification. AH neurones always had a Dogiel type II
morphology (multiaxonal) and S neurones always had a Dogiel
type I or filamentous morphology (monoaxonal). While non-
spiking neurones never generated action potentials in response to
depolarising current pulses (0.5 s, 0.1–1 nA), they did receive
subthreshold synaptic input and were included in the study only if
the morphological classification as a neurone could be established.
Therefore, this group may reflect an underestimate of the
population of nonspiking neurones. The nomenclature of this
classification scheme differs from previous studies in the guinea-
pig distal colon (Wade & Wood, 1988a,b; Lomax et al. 1999;
Wada-Takahashi & Tamura, 2000; Tamura et al. 2001). AH
neurones in this study correspond to AH/type 2 neurones in
previous studies and S neurones correspond to the combination
of type 1, type 4 and type 5 neurones. Nonspiking neurones
correspond to type 3 neurones previously described.

Because no differences were observed between neurones recorded
from 40 naïve (26 AH neurones, 93 S neurones and 7 nonspiking
neurones) and 13 saline-treated control animals (10 AH
neurones, 26 S neurones and 5 nonspiking neurones), results
from these neurones were grouped, and are hereafter referred to as
control neurones.

Neuronal morphology and chemical coding
Tissues used in electrophysiological experiments were fixed
overnight at 4 ° C in 0.1 M phosphate buffered saline (PBS; 0.1 M

pH 7.4) containing 4 % paraformaldehyde, and 0.2 % picric acid.
The tissue was washed with PBS and incubated for 2 h at room
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temperature with PBS containing 0.5 % Triton X-100 and 4 %
normal goat serum. This solution was removed, and the sections
were incubated overnight at room temperature with a 1:10000
dilution of rabbit anti-calbindin antiserum (SWANT, Bellinzona,
Switzerland) in PBS containing 4 % normal goat serum and 0.5 %
Triton X-100. Following three 15 min washes with PBS, tissue
sections were incubated with a 1:400 dilution of goat anti-rabbit
antiserum (Jackson ImmunoResearch, West Grove, PA, USA)
and a 1:500 dilution of AMCA-conjugated strepavidin (Jackson
ImmunoResearch) in PBS containing 0.5 % Triton X-100 for 2 h.
Following three 15 min washes with PBS, the tissue was mounted
on glass slides and viewed on an Olympus AX70 fluorescence
photomicroscope.

Data analyses
All electrophysiological properties were analysed offline on MacLab
Chart or Scope software. Input resistances were determined by
averaging the voltage deflection from three hyperpolarising current
pulses (0.1–0.2 nA; 500 ms). The maximum number of action
potentials per 500 ms depolarising current pulse was determined
using pulses with a stimulus no higher than 1 nA. In S neurones, the
maximum amplitude of the fast excitatory postsynaptic potential
(fEPSP) in response to a supramaximal stimulus was determined by
averaging the difference between the membrane potential (held to:
control: _92 ± 2 mV, n = 37 and inflamed: _94 ± 2 mV, n = 27, by
injecting hyperpolarising current) and the peak of the fEPSP of at
least three evoked potentials elicited by focal stimulation of fibre
tracts with single pulses (0.5 ms, 1–10 V). Afterhyperpolarisation
(AHP) magnitude in AH neurones was determined by integrating
the voltage more negative than resting membrane potential (RMP)
over time until the membrane potential returned to resting levels
(data points at 1 ms intervals; Prism v. 3.0a for Macintosh,
GraphPad Software, La Jolla, CA, USA). The measured AHP was
generated following a single action potential that peaked only after
the offset of a single depolarising current pulse (0.4–0.7 nA;
0.2–5 ms). Antidromically stimulated action potentials were
analysed to compare action potential characteristics in control and
inflamed AH neurones. The maximum rates of depolarisation and
repolarisation were determined from the derivative of the
time–voltage trace. The duration of the action potentials were
measured at a voltage that corresponded to half-repolarisation.
Action potential amplitude was measured as the voltage difference
between resting membrane potential and the peak of the action

potential. The magnitudes of action potentials were determined by
integrating the voltage greater than resting membrane potential over
the time of the entire action potential (data points at 0.025 ms
intervals; Prism). Differences between treatment groups were
determined using a t test for continuous data and a Fisher’s exact test
or chi-square test for proportional data with a significance level of
P < 0.05. All statistical analyses were conducted using Prism.

RESULTS 
Electrical and synaptic properties of myenteric
neurones in inflamed distal colon
Intracellular recordings were obtained from 167 neurones

in 53 control colons and 106 neurones in 37 inflamed

colons. Neurones that were studied were classified as AH

neurones, S neurones or nonspiking neurones, as described

in the Methods section. The electrophysiological properties

of neurones from control animals were similar to those

found in previous studies (Wade & Wood, 1988a,b; Lomax

et al. 1999; Wada-Takahashi & Tamura, 2000; Tamura et
al. 2001). The proportion of myenteric neurones from

inflamed preparations classified into each of the three

groups was unchanged compared to control populations

(AH neurones: control, 36 neurones (22 %); inflamed, 24

neurones (23 %); S neurones: control, 119 neurones

(71 %); inflamed 77 neurones (73 %;) and nonspiking

neurones: control, 12 neurones (7 %); inflamed 5 neurones

(4 %); P > 0.05, chi-square).

Nonspiking neurones. The electrophysiological properties

of nonspiking neurones from inflamed animals were not

different from those of controls. These neurones had

similar resting membrane potentials (control: _49 ± 5 mV,

n = 12; inflamed: _47 ± 5 mV, n = 5; P > 0.05 t test) and

input resistances (control: 109 ± 15 MV, n = 12; inflamed:

134 ± 37 MV, n = 5; P > 0.05 t test). Nonspiking neurones

from control and inflamed preparations exhibited no

spontaneous activity or anodal break action potentials.

Focal stimulation of fibre tracts with single pulses (0.5 ms,

Myenteric neurones in colitisJ Physiol 547.2 591
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1–10 V) evoked fEPSPs in the majority of nonspiking

neurones from both groups (control: 10/12 (83 %);

inflamed: 4/5 (80 %); P > 0.05 Fisher’s exact test). In

response to 2–4 s trains of high-frequency fibre tract

stimulation (20 Hz, 0.5 ms per pulse, 3–8 V), slow excitatory

postsynaptic potentials (sEPSPs) (control, 7/12 (58 %);

inflamed, 3/4 (75 %); P > 0.05 Fisher’s exact test) as well as

slow inhibitory postsynaptic potentials (sIPSPs)(control:

2/12 (17 %); inflamed: 1/4 (25 %); P > 0.05 Fisher’s exact

test) could be evoked in similar proportions of neurones

from both groups.

S neurones. Almost all of the electrical and synaptic

properties of S neurones remained unchanged in the

inflamed colon. Properties that were unchanged when

comparing control S neurones to those from inflamed

tissues included resting membrane potential, input

D. R. Linden, K. A. Sharkey and G. M. Mawe592 J Physiol 547.2

Figure 1. Amplitude of fast excitatory synaptic potentials in S neurones from control or
inflamed distal colon
A, respresentative traces of fEPSPs elicited by fibre tract stimulation (0.5 ms 5.4 V; open arrows) in S neurones
from control and inflamed tissue. Both traces are on the same voltage, current and time scale. B, scatter plot
illustrating the maximum amplitude of fEPSPs in S neurones from TNBS-treated (open circles) or control
colons (grey squares). Data points are displaced horizontally so that overlapping data points can be
visualised. The lines demonstrate the mean ± S.E.M. for each treatment group (* P < 0.001 compared to
control, t test; n = 37 for controls and 27 for inflamed).
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resistance, maximum number of action potentials during

a 500 ms current pulse, or proportion of cells exhibiting

spontaneous activity, anodal break action potentials,

fEPSPs or sIPSPs (Table 1). A difference that was detected

in the inflamed tissue was an increase in the proportion of

S neurones receiving sEPSPs (Table 1). Another difference

in S neurones of inflamed vs. control tissue was the

maximum amplitude of the fEPSP. When neurones were

held at approximately _90 mV to prevent activation of

action potentials, the maximum amplitude of the fast

EPSP in S neurones from inflamed tissue was significantly

greater than that of S neurones in control tissue (Fig. 1).

It is possible that changes in the electrical properties of

S neurones were not detected in inflamed tissue because

S neurones represent a diverse population of neurones,

and differences within a particular subset of S neurones

may not be identified when S neurones are compared as a

whole. Therefore, S neurones that were successfully filled

with neurobiotin were classified into two subpopulations,

those that projected orally (control, n = 31; inflamed,

n = 23) and those that projected aborally (control, n = 29;

inflamed, n = 23), and data from these subsets were

analysed (Table 2). There were no differences in all

electrical and synaptic properties between orally and

aborally projecting S neurones from control tissues.

Within the population of orally projecting S neurones,

depolarising current pulses evoked more action potentials

in inflamed tissue compared to controls. In addition, these

neurones were more likely to exhibit spontaneous activity

(including both spontaneous action potentials and

fEPSPs) and anodal break action potentials. Within both

subsets of S neurones, the amplitude of evoked fEPSPs

from inflamed preparations was significantly higher than

that of controls.

AH neurones. Certain electrical and synaptic properties of

AH neurones from inflamed colons, including resting

membrane potential, input resistance, and the proportions

of neurones that received sEPSPs and sIPSPs, were

unaltered from control colons (Table 3). In addition, the

proportion of AH neurones that were immunoreactive for

calbindin in the inflamed colon remained unchanged as

compared to controls (control, 19/24 (79 %); inflamed,

15/19 (79 %); P > 0.05, Fisher’s exact test).

In contrast to nonspiking and S neurones, many of the

electrical and synaptic properties of AH neurones were

significantly altered in the inflamed colon. AH neurones

from inflamed colons exhibited slower accommodation

than AH neurones from the normal colon (Fig. 2). The

mean maximum number of action potentials per 500 ms

current pulse was significantly greater in AH neurones

from inflamed tissue compared to control. The median

number of action potentials was also increased in the

inflamed colon (6) as compared to control (1). AH

Myenteric neurones in colitisJ Physiol 547.2 593

Figure 2. Accomodation in AH neurones from control or inflamed distal colon
A, representative traces of a response to a 500 ms depolarising current pulse in AH neurones from control
and inflamed tissue. Both traces are on the same voltage, current and time scale. B, scatter plot illustrating the
maximum number of action potentials in response to a 500 ms depolarising current pulse in AH neurones
from TNBS-treated (open circles) or control colons (grey squares). Data points are displaced horizontally so
that overlapping data points can be visualised. The lines demonstrate the mean ± S.E.M. for each treatment
group (* P < 0.001 compared to control, t test; n = 36 for controls and 28 for inflamed).
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neurones from inflamed colons were more likely to exhibit

spontaneous action potentials (Fig. 3), and were more

likely to exhibit anodal break action potentials (Fig. 4)

compared to controls. The mean magnitude of the AHP

was reduced in neurones from inflamed colons compared

to controls (Fig. 5). Another difference that was detected in

AH neurones from inflamed tissue, as compared to

control tissue, was an increase in the proportion of

neurones that received fEPSPs (Fig. 6). To determine if

these fEPSPs were cholinergic, the nicotinic acetylcholine

receptor antagonist, hexamethonium was applied to the

bathing media during recordings from five AH neurones

from inflamed preparations. In each of the five cells tested,

hexamethonium (100 mM) completely abolished the

fEPSP (Fig. 6).

Potential mechanisms contributing to elevated
excitability of AH neurones in colitis
A prominent feature of AH neurones, that is important in

regulating the excitability of these cells, is the AHP. Three

ionic conductances contribute to the magnitude of the

AHP in AH neurones: a Ca2+-activated K+ conductance, a

voltage-gated Ca2+ conductance and a hyperpolarisation-

activated non-selective cation conductance (Galligan et al.
1990; Kunze et al. 1994; Rugiero et al. 2002; Vogalis et al.
2002). Because the AHP was dramatically reduced in AH

neurones from inflamed preparations, we sought to

examine whether the characteristics attributable to these

ionic conductances were altered in inflammation. The

most thoroughly examined of these is the Ca2+-activated

K+ conductance that generates the prolonged AHP and

maintains the resting membrane potential at a more
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Figure 3. Spontaneous activity in AH neurones from control or inflamed distal colon
A, representative traces of baseline recordings in AH neurones from control and inflamed tissue. Both traces
are on the same voltage and time scale. B, bar graph illustrating the proportion of AH neurones from TNBS-
treated (open bar) or control colons (grey bar) that demonstrated spontaneous activity (* P < 0.001
compared to control, Fisher’s exact test).

Figure 4. Anodal break action potentials in AH neurones from control or inflamed distal
colon
A, representative traces of responses at the offset of a 500 ms hyperpolarising current pulse in AH neurones
from control and inflamed tissue. Both traces are on the same voltage, current and time scale. B, bar graph
illustrating the proportion of AH neurones from TNBS-treated (open bar) or control colons (grey bar) that
demonstrated anodal break action potentials following a hyperpolarising current pulse (* P < 0.001
compared to control, Fisher’s exact test).
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hyperpolarised level. Increased excitability of AH neurones

during electrically evoked sEPSPs or agonist-induced

depolarisations is associated with a depolarisation and an

increase in input resistance, which probably involves a

decrease in the Ca2+-activated K+ conductance (Wood,

1994b). No changes in resting membrane potential or

input resistance were detected in AH neurones from the

inflamed colon, suggesting that the Ca2+-activated K+

conductance was unaltered in colitis. Therefore, we

concentrated on the characteristics of these neurones that

are associated with the voltage-activated Ca2+ conductance

and the hyperpolarisation-activated non-selective cation

current (Ih).

Voltage-gated Ca2+ conductance. Depolarising currents

of the action potential of AH neurones consist of a TTX-

sensitive Na+ current and a voltage-activated Ca2+ current.

The Ca2+ component of the action potential initiates the

increase in intracellular Ca2+ that activates the K+

conductance responsible for the AHP (Hillsley et al. 2000).

In AH neurones, the prominent Ca2+ component of the

action potential results in a characteristic shoulder on the

repolarising phase and an overall broadening of the spike

in these cells. Therefore, we measured various parameters

of the action potential with the idea that a reduction in the

Ca2+ current would be reflected by changes in the shape

and magnitude of the action potential. The characteristics

Myenteric neurones in colitisJ Physiol 547.2 595

Figure 5. Slow afterhyperpolarisations in AH neurones from control or inflamed distal colon
A, representative traces of AHP following single action potentials from control and inflamed tissue. Traces
for both cells are on the same voltage, current and time scales. The magnitude of the AHP, determined by
integrating the voltage less than resting membrane potential over the time of the entire AHP, for these
representative neurones were: control, 25 mV s; and inflamed, 5 mV s. B, scatter plot illustrating the
magnitude of the AHP in AH neurones from TNBS-treated (open circles) or control colons (grey squares).
Data points are displaced horizontally so that overlapping data points can be visualised. The lines
demonstrate the mean ± S.E.M. for each treatment group (* P < 0.001 compared to control, t test; n = 33 for
controls and 26 for inflamed).

Figure 6. Fast EPSPs in AH neurones from control or inflamed distal colon
A, bar graph illustrating the proportion of AH neurones from TNBS-treated (open bar) or control colons
(grey bar) that received fast excitatory synaptic input in response to focal stimulation of fibre tracts with
single pulses (0.5 ms, 1–10 V) (* P < 0.001 compared to control, Fisher’s exact test). B, respresentative trace
of one of the five AH neurones from inflamed preparations whose fEPSPs elicited by fibre tract stimulation
(0.5 ms 3.6 V; open arrows) were blocked by the addition of 100 mM hexamethonium to the bathing solution.
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that were evaluated in antidromically elicited action

potentials included the maximum rates of depolarisation

and repolarisation, the duration of the action potentials at

half-repolarisation, the action potential amplitude and

integrated magnitude (Fig. 7). There were no differences

in any of the measurements between inflamed and control

AH neurones, suggesting that conductances active during

the action potential, including voltage-gated Na+, Ca2+ and

K+ currents are unaltered in colitis.

Hyperpolarisation-activated cation current (Ih). Another

property of AH neurones that can influence neuronal

excitability, is a hyperpolarisation-activated cation current

(Ih)(Galligan et al. 1990; Rugiero et al. 2002). Ih is active

during the AHP of AH neurones, and its action opposes

the hyperpolarising effect of the Ca2+-activated K+

conductance. Consistent with this, the amplitude of the

AHP is increased in the presence of Cs+, which inhibits Ih

(Galligan et al. 1990). Ih is detected as a characteristic sag in

the hyperpolarising electrotonic potential when an anionic

rectangular current pulse is applied via the intracellular

recording electrode (Galligan et al. 1990).

A voltage-dependent sag was detected in the electrotonic

potential during a hyperpolarising current pulse in AH

neurones from both control and inflamed tissues, but was

more pronounced in neurones from inflamed tissue

(Fig. 8A). To determine whether Ih is altered in AH

neurones of the inflamed colon, we tested whether the Cs+-

sensitive component of the electrotonic potential was

altered in colitis. Neurones were held at _50 mV and

hyperpolarising and depolarising current pulses were

injected to determine the current–voltage relationship in

the absence and presence of Cs+. In these experiments,

average voltage measurements were made during the first

25 ms (instantaneous voltage) and during the last 100 ms

(steady state voltage) of a prolonged (900 ms) current

pulse. Plots of the instantaneous and steady state voltage as

D. R. Linden, K. A. Sharkey and G. M. Mawe596 J Physiol 547.2

Figure 7. Action potentials in AH neurones from control or inflamed distal colon
A, representative traces of antidromically elicited action potentials in AH neurones from control and
inflamed tissue. Both traces are on the same voltage, current and time scale. Letters on the control voltage and
derivitive traces indicate parameters that were measured and correspond to graphs shown in B–F. The
magnitude of the action potentials for these representative neurones, determined by integrating the voltage
greater than resting membrane potential over the time of the action potential, were: control, 129 mV ms;
inflamed, 119 mV ms. B–F, scatter plots illustrating the maximum rate of depolarisation (B), maximum rate
of repolarisation (C), duration at half-repolarisation (D), amplitude (E) and magnitude (F) of the action
potentials in AH neurones from TNBS-treated (open circles) or control colons (grey squares). Data points
are displaced horizontally so that overlapping data points can be visualised. The lines demonstrate the
means ± S.E.M. for each treatment group (for all plots P > 0.05 compared to control, t test; n = 7 for controls
and 14 for inflamed).
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a function of injected current were constructed for each

cell, in the absence and presence of Cs+ (Fig. 8B). In the

absence of Cs+, rectification was detected at voltages more

negative than _70 mV in AH neurones from both control

and inflamed tissues. The difference between the Cs+ and

no Cs+ curves (in mV), was measured for control and

inflamed cells, and these values were plotted as a function

of voltage in the presence of Cs+. These relationships for

the instantaneous and steady state voltages are plotted in

Fig. 8C and D, respectively. There were no differences

detected in the Cs+-sensitive instantaneous voltage. In the

steady state voltage measurements, there was a significant

augmentation of the Cs+-sensitive voltage at potentials

more negative than _90 mV. In the presence of Cs+, the

Myenteric neurones in colitisJ Physiol 547.2 597

Figure 8. Contribution of a Cs+-sensitive hyperpolarisation-activated conductance to
excitability in AH neurones from inflamed distal colon
A, representative hyperpolarising electrotonic potentials from AH neurones from control and inflamed
preparations in the absence and presence of 2 mM CsCl. Note that the depolarising sag in the electrotonic
potential is more pronounced in traces from the neurone in inflamed tissue than control tissue, and that the
amplitudes of electrotonic potentials were larger in the presence of CsCl. B, a representative current–voltage
plot of the steady state electrotonic potentials elicited by intracellular injection of current at a holding
potential of _50 mV. C and D, using plots like that shown in B, changes in voltage provoked by Cs+ (DVCs)
were measured as the difference between Cs+ and no Cs+ lines and plotted as a function of cell voltages from
the Cs+ graph (VCs). There were no differences detected in the Cs+-sensitive instantaneous voltage (measured
at the time point indicated by † in A; P > 0.05 two-way ANOVA for repeated measures). In the steady state
voltage measurements (measured at the time point indicated by ‡ in A), there was a significant augmentation
of the Cs+-sensitive voltage at potentials more negative than _90 mV (* P < 0.05, two-way ANOVA for
repeated measures, Bonferroni’s multiple comparisons test). In inflamed tissue, application of CsCl to AH
neurones reduced the occurence of anodal break action potentials (E), and increased the magnitude of the
afterhyperpolarisation (F). E and F are representative examples from the same cell, held at _50 mV.
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occurrence of anodal break action potentials was reduced,

and the AHP was enhanced, in neurones from inflamed

tissue (Fig. 8E and F).

DISCUSSION
The aim of this study was to characterise the electrical and

synaptic properties of myenteric neurones in the distal

colon of guinea-pigs during TNBS-induced inflammation,

and to identify potential mechanisms for differences

relative to normal tissue. Results of this study indicate that

dramatic changes occur in the electrical and synaptic

properties of myenteric neurones of the inflamed colon,

and that these changes are mainly found in one sub-

population of cells, AH neurones, which serve at the

afferent end of the motor reflex circuitry in the intestines.

Furthermore, data presented here suggest that the

enhancement of AH neuronal excitability in inflamed

tissue involves an increase in the hyperpolarisation-

activated current in these cells. These changes in AH

neuronal activity are likely to contribute to the dysmotility

that is associated with inflammatory bowel disease (IBD).

In the present study, the recordings of individual neurones

were randomly obtained, so the proportion of neurones

can be used to estimate the relative abundance of each cell

type. Although there were no changes in the proportions of

cell types, this does not preclude the possibility that there

was neuronal cell loss during inflammation. In a previous

study, Sanovic et al. (1999) found that a similar hapten-

induced model of inflammation in rats caused a persistent

loss of neurones. Although the present results do not rule

out neuronal loss during TNBS-induced colitis in guinea-

pigs, it indicates that any such loss is unlikely to be limited

to an electrophysiologically defined subset of cells.

Inflammation was associated with an increased

proportion of AH neurones that receive fast excitatory

synaptic transmission. Because Dogiel type II neurones

express nicotinic acetylcholine receptors under normal

conditions (Kirchgessner & Liu, 1998; Galligan et al. 2000)

it is likely that this effect is due to an increased efficiency of

synaptic communication. AH neurones in the guinea-pig

distal colon are cholinergic (Lomax & Furness, 2000) and

probably form networks with other AH neurones (Wood,

1994b); therefore, it is possible that this is a result of

increased excitability in AH neurones. Support for this

concept is the observation that the fEPSPs in S neurones,

which arise from AH neurones, had larger amplitudes in

inflamed tissue. Although this could be due to post-

synaptic changes, it could also be due to increased release

of acetylcholine. Likewise, the increased proportion of

S neurones that receive sEPSPs is likely to be a downstream

effect of increased excitability in AH neurones because AH

neurones probably mediate sEPSPs in S neurones through

the release of tachykinins. Previous studies involving

measurement of neurotransmitter release have reported

decreased release in inflamed intestinal segments (Collins

et al. 1992); however, these investigations have involved

release from whole tissue, and include neurotransmitter

release from motor neurones, whereas the findings

reported here were obtained at single synaptic junctions

between neurones.

Unlike the AH neurones, which underwent significant

changes in the inflamed colon, the electrical properties of

most S neurones in the inflamed colon were comparable to

those in the normal colon. One factor that may contribute to

this difference is that AH neurones extend projections to the

lamina propria of the mucosa whereas S neurones do not

(Neunlist et al. 1999). In TNBS colitis, inflammation is

centred in the lamina propria; therefore, the processes of AH

neurones, but not S neurones, pass directly into the region in

which inflammatory mediators and trophic factors, released

as part of the immune response, are likely to be at their

highest concentrations. Indeed, it has been demonstrated

that extrinsic afferent neurones that project to the mucosa of

the gut also undergo changes in response to TNBS-induced

inflammation (Sengupta et al. 1999; Moore et al. 2001).

When S neurones were divided into subpopulations, based

on axonal projection patterns, those that projected in an oral

direction were relatively excitable, compared to controls, as

they demonstrated slower accommodation, more frequent

anodal break action potentials and spontaneous activity.

Orally projecting S neurones probably include excitatory

motor neurones and ascending interneurones (Brookes,

2001); additional studies will be required to determine if one

or both of these subpopulations are altered in colitis.

The increased excitation observed in AH neurones in the

present study, e.g. increased occurrence of spontaneous

activity, anodal break action potentials and fEPSPs, and

decreased accommodation and AHP, is reminiscent of

that observed in a study of AH neurones in the jejunum of

Trichinella spiralis-infected guinea-pigs (Palmer et al.
1998) with some notable exceptions. In the Trichinella
model, the hyperexcitability observed in the AH neurones

was accompanied by a depolarised membrane potential,

increased input resistance and reduced duration of the

action potential, all of which were not observed in the

present study. These differences may be attributable to

the type of inflammatory stimulus (infectious vs. immune

cell-mediated) or the location of these neurones in the

guinea-pig jejunum, but serve to underscore the concept

that several possible mechanisms contribute to the level of

excitability of AH neurones.

Two distinct properties of AH neurones, the resting

membrane potential and the AHP, involve the activity of

Ca2+-activated K+ conductances. These conductances may

involve the same K+ channel because they have similar

pharmacological properties (they are blocked by charybdo-

toxin and iberiotoxin, but not by apamin) (Kunze et al.
1994; Rugiero et al. 2002; Vogalis et al. 2002) and acute
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application of excitatory agonists such as substance P

suppress these conductances (Grafe et al. 1980; Johnson et
al. 1980). Interestingly, in the inflamed colon, we detected

a significant attenuation of the AHP, but no change in the

resting membrane potential or input resistance. Therefore,

it is quite possible that the difference in excitability of AH

neurones in the inflamed vs. normal colon is due to

changes in conductance(s) other than the Ca2+-activated

K+ conductance.

The activation of the prolonged AHP in AH neurones is

initiated by the influx of extracellular calcium through

N-type voltage-gated Ca2+ channels during the action

potential, which triggers calcium-induced calcium release

(CICR) through ryanodine receptors from intracellular

stores (Hillsley et al. 2000; Vogalis et al. 2001; Rugiero et al.
2002). The resulting increase in intracellular Ca2+ leads to

the activation of Ca2+-activated K+ channels and, in turn,

the AHP. In AH neurones, the Ca2+ component of the

action potential results in a shoulder on the repolarising

phase and a broadening of the spike. In the current study,

several features of the AH neurone action potential were

evaluated, including rate of rise, rate of fall, duration,

amplitude and integrated magnitude, and none of these

features were altered in colitis. These data suggest that the

decrease in the AHP of AH neurones in inflamed tissue,

and associated increase in excitability, involve a

mechanism other than changes in Ca2+ influx. Future

investigations will be necessary to discern whether

inflammation is associated with changes in mobilisation

from intracellular stores that could contribute to the

decreased magnitude of the AHP in TNBS colitis.

Another conductance that influences the magnitude of the

AHP in AH neurones, and therefore neuronal excitability,

is a Cs+-sensitive cation current that is activated by

membrane hyperpolarisation (Ih) (Galligan et al. 1990).

This conductance is triggered by the after-spike

hyperpolarisation and persists throughout the prolonged

AHP. Therefore, Ih opposes the hyperpolarising action of

activated Ca2+-activated K+ channels, and attenuates the

amplitude of the AHP. While there are no previous reports

of a modulation of Ih in AH neurones by synaptic inputs or

application of neuroactive compounds, modulation of this

conductance has been observed in other systems (for

review see Ludwig et al. 1999; Santoro & Tibbs, 1999;

Gauss & Seifert, 2000) and it is clear that the excitability of

AH neurones would be enhanced or suppressed by an

increase or decrease in this conductance. Data presented

here suggest that there is a sustained augmentation of Ih in

AH neurones of the inflamed colon. The characteristic sag

in the electrotonic potential during a hyperpolarising

current pulse was larger in neurones of the inflamed colon.

Furthermore, the Cs+-sensitive rectification of the current–

voltage relationship in AH neurones was significantly

larger in inflamed tissue, and AH neurones from inflamed

tissue were less excitable when Ih was blocked by Cs+. These

data support the novel concept that inflammation results

in an enhancement of Ih, and that modulation of this

conductance is a means of altering the excitability of these

cells. While mechanisms responsible for this change have

not been identified, a recent study indicates that prolonged

(24 h) exposure of AH neurones to prostaglandin E2

ethanolamide, a stable analogue of prostaglandin E2, leads

to an attenuated AHP and increased excitability of guinea-

pig distal colonic myenteric AH neurones (Manning et al.
2002).

Altered colonic motility associated with inflammatory

bowel disease contributes significantly to the symptoms of

inflammatory bowel disease. The inflamed colon behaves

as a semirigid tube, such that decreased motor reflexes

paralleled with variable secretion result in diarrhoea or

constipation (O’Brien & Phillips, 1996). Because AH

neurones are situated at the afferent end of the intrinsic

neural circuitry of the bowel, enhanced excitability of AH

neurones would probably lead to changes in the efficacy of

motor reflexes. With AH neurones generating spontaneous

activity in the inflamed bowel, the fidelity of output from

these cells, which is normally limited to responses to

physiological stimuli, would be diminished, thereby

leading to changes in reflex activity.

In summary, these data provide a characterisation of

myenteric neurones in the inflamed distal colon of the

guinea-pig and suggest that AH neurone excitability is

enhanced during chronic TNBS-induced inflammation.

Because this animal model closely approximates human

inflammatory bowel disease (Kim & Berstad, 1992;

Fedorak, 1995), it is possible that enhanced excitability of

enteric neurones exists in Crohn’s disease and ulcerative

colitis.
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