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Abstract

The whole-cell recording technique was used to investigate the pharmacological properties of acetylcholine-activated ion channels of
Ž .cultured submucosal neurons from guinea-pig small intestine. Acetylcholine induced whole-cell membrane currents I in aACh

Ž .concentration-dependent manner EC s79 mM . I exhibited strong inward rectification, had a reversal potential of q19"2 mV50 ACh
Ž q q . Ž .Na outside, Cs inside , was reversibly inhibited in a concentration-dependent manner by hexamethonium EC s5 mM and50

Ž . Ž .atropine EC s1.6 mM , and was unaffected by a-bungarotoxin 30 nM . Atropine was less potent in inhibiting the currents induced by50
Ž30 mM acetylcholine than those induced by 1 mM acetylcholine. I was mimicked by the current induced by nicotine I ; EC s52ACh Nic 50

. Ž . Ž . Ž .mM . I was also blocked by atropine EC s1.7 mM and hexamethonium EC s3.6 mM . 5-Hydroxytryptamine 5-HT alsoNic 50 50
Ž .inhibited I in a concentration-dependent manner EC s180 mM in the experiments carried out in the presence of a 5-HT receptorACh 50 3

antagonist. 5-HT had a similar inhibitory effect after the desensitization of 5-HT receptors or in neurons with relative small3

5-HT -mediated currents. The inhibitory actions of hexamethonium, atropine, and 5-HT on I were voltage-dependent. Thus, inhibition3 ACh
Ž . Ž .was significantly smaller for outward currents recorded at q40 mV than for inward currents recorded at y60 mV . Our observations

indicate that the I of submucosal neurons are mediated by activation of nicotinic channels, which are blocked by atropine, 5-HT, andACh

hexamethonium. The possibility that one of the 5-HT roles in the gastrointestinal tract might be to directly modulate nicotinic channels is
discussed. q 2001 Published by Elsevier Science B.V.
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1. Introduction

Acetylcholine is a major neurotransmitter in the sympa-
thetic, parasympathetic, and enteric ganglia, where it is

Žresponsible for fast excitatory postsynaptic potentials fast
. ŽEPSPs and slow EPSPs Nishi and North, 1973; Hirst et

al., 1974; Surprenant, 1984; North et al., 1985; Tack and
.Wood, 1992; Nishimura, 1997 . These synaptic potentials

are mediated by nicotinic and muscarinic receptors, respec-
tively. Nicotinic acetylcholine receptors are non-selective,
ligand-gated cation channels; whereas muscarinic receptors
are part of the G-protein-linked receptor superfamily.
Nicotinic acetylcholine receptors are also found in the
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central nervous system neurons and at the end plate of the
neuromuscular junction.

Nicotinic acetylcholine receptors are thought to be made
Žup of a pentamer of subunits see reviews by Mcgehee and

.Role, 1995; Sargent, 1993; Corringer et al., 2000 . Several
neuronal nicotinic receptor subunits have been isolated and
cloned. Using low-stringency DNA probing, 12 genes have

Žbeen found in various animals rat, chicken, Drosophila,
.cockroach, goldfish, and human that share homology with

the muscle a-subunit. These genes encode for the protein
neuronal subunits a2–a9 and b2–b5. The function and
some pharmacological properties of nicotinic acetylcholine
receptors have been shown to be dependent on the subunits
that they are composed of. By expressing different combi-
nations of these subunits in Xenopus oocytes, various
authors have shown that a7 subunits can form functional
homomeric channels. Similar results were obtained with
a8 and a9 subunits. On the other hand, a2–a6 subunits
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need b subunits to form functional channels. In enteric
Ž .neurons, a recent study Kirchgessner and Liu, 1998

showed immunostaining for a3, a5, a7 and b4 in both
submucosal and myenteric plexuses. Immunostaining was
present in the neuronal soma, dendrites, and axons.

In general, nicotinic acetylcholine receptors can be dis-
tinguished from muscarinic receptors by their specific
agonism to nicotine and specific blockage by hexametho-

Ž .nium Mcgehee and Role, 1995; Sargent, 1993 . However,
this is not always the case. Nicotine, for example, has been
shown to inhibit the currents induced by acetylcholine
Ž . ŽI for the homomeric receptor a9 Elgoyhen et al.,ACh

.1994 . Bungarotoxins from snakes have also widely been
used to characterize nicotinic acetylcholine receptors. One
such toxin, a-bungarotoxin, binds the muscle nicotinic
acetylcholine receptors with high affinity but is generally
ineffective in blocking nicotinic receptors that underlie

Žsynaptic transmission in autonomic ganglia Fiordalisi et
.al., 1991 . Furthermore, some nicotinic acetylcholine re-

Žceptors present in non-ganglionic neurons e.g., rat hip-
.pocampus; Alkondon and Albuquerque, 1993 are sensitive

to a-bungarotoxin. Neuronal nicotinic acetylcholine recep-
tors have also been shown to be sensitive to other antago-

Žnists including atropine Zwart and Vijverberg, 1997;

. ŽMinota and Kuba, 1999 , curare Peng et al., 1994; Elgoy-
. Žhen et al., 1994 , strychnine Peng et al., 1994; Elgoyhen

.et al., 1994 , and some endogenous substances like 5-hy-
Ždroxytryptamine 5-HT; Akasu and Koketsu, 1986;

.Garcia-Colunga and Miledi, 1995 .
ŽIn a previous study, we found that melatonin Barajas-

.Lopez et al., 1996b , a hormone synthesized by 5-HT´
acetylation, blocks nicotinic receptors in submucosal neu-
rons of guinea-pig small intestine in a noncompetitive
manner. This led to the hypothesis that 5-HT might have a
similar effect as melatonin in submucosal neurons. In the
present study, we test this hypothesis and describe other
important pharmacological and electrophysiological prop-
erties of the whole-cell inward currents induced by acetyl-
choline of submucosal neurons from the guinea-pig small
intestine.

2. Materials and methods

2.1. Tissue preparation

Ž .Young male and female guinea-pigs 150–300 g were
stunned and immediately exsanguinated by severing major

Ž .Fig. 1. Whole-cell inward currents induced by various concentrations of acetylcholine and nicotine in submucosal neurons. A Whole-cell inward currents
Ž .induced by various concentrations of acetylcholine and nicotine in two different submucosal neurons. B Acetylcholine and nicotine induced a fast

Ž .whole-cell current with similar concentration dependency. Symbols are the mean"S.E.M. values of the currents induced by acetylcholine ns9–18 or
Ž . Ž .nicotine ns3–9 . Sigmoidal lines were fitted with a three-parameter logistic function. C Desensitization kinetics of the current induced by

Ž .acetylcholine application. This kinetics was better fitted by the sum of three exponential functions dashed lighter . The values of the three exponentials are
Ž . Žas indicated. D As shown by the arrow, a transitory current increase was observed when acetylcholine was removed and when high concentrations G3

. Ž .mM of acetylcholine were used. Similar current transients were recorded with concentrations of nicotine G1 mM not shown . Currents were measured at
a holding potential of y60 mV.
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Žneck blood vessels. A segment of small intestine jejunum;
.about 5 cm in length was removed, placed in modified

ŽKrebs solution in mM: NaCl 126, NaH PO 1.2, MgCl2 4 2

1.2, CaCl 2.5, KCl 5, NaHCO 25, glucose 11; gassed2 3
.with 95% O and 5% CO and opened longitudinally.2 2

ŽThe mucosa was removed and the submucosal layer sub-
.mucosal preparation was dissected from the underlying

layers of smooth muscle.

2.2. Dissociation of submucosal neurons

Methods for dissociating and culturing submucosal neu-
Žrons have been described elsewhere Barajas-Lopez et al.,´

.1996a . Briefly, the submucosal preparation was dissoci-
ated using sequential enzymatic treatments, first with a

Žpapain solution 0.01 mlrml; activated with 0.4 mgrml of
. Ž .L-cysteine and later with a collagenase 1 mgrml and

Ž .dispase 4 mgrml solution. After washing out these en-
zymes, submucosal neurons were plated on round cover-
slips coated with sterile rat tail collagen. Culture medium
was minimum essential medium 97.5%, containing 2.5%
guinea-pig serum, L-glutamine 2 mM, penicillin 10 Urml,
streptomycin 10m grml and glucose 15 mM.

2.3. Patch-clamp recordings

ŽWhole-cell currents were recorded from short-term 2–
.72 h primary cultures of submucosal neurons. Membrane

currents were recorded using an Axopatch 1D amplifier.
ŽPatch pipettes were made as previously described Barajas-

.Lopez et al., 1996a and had resistances between 1 and 3´
MV. Except when otherwise noted, the holding potential
was y60 mV. The standard solutions used, unless other-
wise mentioned, had the following millimolar composition.
Inside the pipette: Csq-glutamate 160, EGTA 10, HEPES
5, NaCl 10, ATPMg 3, and GTP 0.1. External solution:
NaCl 160, CaCl 2, glucose 11, HEPES 5 and CsCl 3. The2

pH of these solutions was adjusted to 7.3–7.4 with either
Ž . Ž .CsOH pipette solutions or NaOH external solutions .

With these standard solutions, the usual input resistance of
the neurons ranged from 1 to 10 GV. Whole-cell currents

Žwere recorded on a PC using Axotape software Axon
.Instruments . Analysis of these currents was performed on

Ža Macintosh computer using Axograph software Axon
.Instruments . Membrane potentials were corrected for the

Ž .liquid junction potential pipette 11 mV negative . The
recording chamber was continuously superfused with ex-
ternal solution at approximately 2 mlrmin. Rapid changes
in the external solution were made by using an eight-bar-

Ž .relled device Barajas-Lopez et al., 1994 . The external´
application of experimental substances was achieved by
abruptly changing the tube delivering the external solution
in front of the cell being recorded for a tube delivering the

Ž .same solution plus the drug s . Substances were washed
out by switching back to the delivery tube containing only

the external solution and by flushing of the bath. External
solutions were delivered by gravity. The response to the
same agonist was measured with a minimal interval of 5
min. Whole-cell experiments were performed at room

Ž .temperature ;238C and, at least, 5 min after going into
the whole-cell configuration. Experiments reported here
are from cells in which no significant run down of the
currents was noticed during the recording time.

2.4. Drugs used

Acetylcholine, 5-HT, and 3-tropanyl-indole-3-carboxy-
Ž .late methiodide ICS 205–930 were purchased from

Ž .Research Biomedical Natick, MA, USA . All other sub-
Žstances atropine, a-bungarotoxin, nicotine, hexametho-

. Ž .nium were purchased from Sigma St. Louis, MO, USA .
Stock solutions of 0.1–100 mM were made and diluted in
the physiological saline. Stock solutions were maintained
at y48C.

Fig. 2. Currents induced by acetylcholine and nicotine shows a similar
Ž .voltage-dependent inward rectification. A Whole-cell inward currents

Ž . Ž .induced by acetylcholine 1 mM or nicotine 300 mM at different
Ž .holding potentials from two different submucosal neurons. B

Ž .Currentrvoltage relationships for acetylcholine ns6–15 or nicotine
Ž .ns3–6 . Very small currents were recorded at positive potentials with
acetylcholine and no current was detected at similar potentials with
nicotine.
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2.5. Data analysis

Results were expressed as means"S.E.M. and the
number of cells used as n. The paired Student’s t-test was
used to evaluate the differences between mean values
obtained from the same cells and the unpaired Student’s
t-test was used for data obtained from different groups of
cells. Two-tailed P values of 0.05 or less were considered

.statistically significant. Data of Figs. 1B, 3B,C, and 4A
were fitted to a three-parameter logistic function as previ-

Ž .ously reported Kenakin, 1993 .

3. Results

3.1. General properties of the acetylcholine actiÕated cur-
rents in guinea-pig submucosal neurons

Acetylcholine application induced a fast inward current
Ž .I in 90% of a total of 152 neurons. The amplitude ofACh

this current is plotted as a function of acetylcholine con-
centration in Fig. 1. These data were analyzed using a
logistic model and the EC value for acetylcholine was50

79m M, the Hill coefficient value was 2.1"0.2, and the
Ž .maximal calculated current was y3110 pA Fig. 1B .

The amplitude of I increased by hyperpolarizing theACh

membrane, it was inward below q20 mV and outward
above q20 mV. The amplitude of these outward currents
increased very little by further depolarization of the mem-

Žbrane and, in fact, tended to decrease above q40 mV Fig.
.2 . The calculated reversal potential of I was q19"2ACh

Ž .mV ns9 .
At y60 mV holding potential, the I induced by 1ACh

mM acetylcholine reached the half-maximal values in 150
"10 ms and reached its peak in the next second. At
concentrations exceeding 100 M, after reaching maximal
amplitude, the currents decreased despite the continuous
presence of the transmitters—indicating tachyphylaxis
Ž .Fig. 1A and C . The kinetics of this desensitization was
analyzed with 1 mM acetylcholine applications for ;3
min. This desensitization was modeled by the sum of three
exponential functions. The tau values of these exponentials

Žwere t s1.6"0.3, t s8.7"1.2, t s135"28 s ns1 2 3
.12, Fig. 1C . After acetylcholine was removed, at concen-

trations lower or equal than 1 mM I decayed rapidly,ACh

and can be modeled by a single exponential function with
Ž .an t value of 299"25 ms ns20; 1 mM acetylcholine .

At concentrations usually equal or larger than 3 mM and
sometimes even with 1 mM, I increased transitorilyACh

Ž .before decaying Fig. 1D . It is, therefore, possible that at

Ž . Ž . Ž .Fig. 3. Hexamethonium and atropine inhibit both acetylcholine I and nicotine I evoked. A Whole-cell inward currents induced by 1 mMACh Nic
Ž .acetylcholine or by 300 mM nicotine in the presence of 10 and 30 mM hexamethonium, in two different submucosal neurons. B Symbols are

Ž . Ž .means"S.E.M. of currents induced by 1 mM acetylcholine ns4–11 and 300 mM nicotine ns3–5 in various concentrations of hexamethonium. The
Ž .hexamethonium IC values were 5 and 3.6 mM for I and I , respectively. C Whole-cell inward currents induced by 1 mM acetylcholine or by 30050 ACh Nic

Ž .mM nicotine in the presence of 1, 3 and 30 mM atropine, in two different submucosal neurons. D Symbols are the means"S.E.M. of currents induced
Ž . Ž .by 1 mM acetylcholine ns3–6 or 300 mM nicotine ns3–9 in the presence of various concentrations of atropine. The atropine IC values were 1.650

Ž . Ž .and 1.7 mM for I and I , respectively. Sigmoidal lines of C and D were fitted with a three-parameter logistic function. Experiments were carriedACh Nic

out at a holding potential of y60 mV.
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these high concentrations, acetylcholine might be blocking
ŽI , as has been proposed by others Zwart and Vijver-ACh

.berg, 1997 .

3.2. Pharmacological properties of submucosal IACh

Nicotine application also induced an inward current
Ž . ŽI in 85% of a total of 40 submucosal neurons Figs.Nic

.1A, 2A, 3A, and 4A . At concentrations equal to or larger
than 1 mM and sometimes as low as 300 mM, INic

Ž .increased transitorily before decaying not shown in a
similar manner as observed for I in Fig. 1D. TheACh

amplitude of I is plotted as a function of the nicotineNic

concentration in Fig. 1B. From this concentration–re-
sponse curve, we calculated an EC value of 52 mM, a50

Hill coefficient of 1.3"0.3 and a maximal current of
y1065 pA. I was more reproducible and tended toNic

recover faster when nicotine concentrations were equal to
or lower than 300 mM. As a result, we avoided higher
concentrations of this drug in most of the experiments
reported below.

I had similar voltage dependency as I , as shownNic ACh

in Fig. 2. Thus, a similar inward rectification is observed
Ž .in the IrV plots Fig. 2B . An important difference,

however, was that no current was recorded by application
Ž .of nicotine 100 mM when the membrane was held at

Ž .potentials greater than or equal to q20 mV Fig. 2 . This
was observed even in two neurons that display a relatively

Ž .large I about y1 nA when held at y60 mV. Con-Nic

versely, outward I currents were observed when theACh

membrane potential was held at q30 mV in the presence
of as little as 50 mM. In these experiments, the average
outward I was q26"5 pA at q30 mV compared toACh

an average inward current of y621"83 at a membrane
Ž .potential of y60 mV ns3 . This inward current was

similar to that observed with 100 mM nicotine at this
Ž .potential Fig. 2B .

3.3. I and I are blocked by hexamethonium andAch N ic

atropine

Ž .Inward currents induced by acetylcholine 1 mM and
Ž .nicotine 300 mM were inhibited by hexamethonium in a

concentration-dependent manner, as shown in Fig. 3A and
B. The IC value for this hexamethonium effect was 550

and 3.6 mM for I and I , respectively.ACh Nic
Ž . ŽI induced by 1 mM acetylcholine and I inducedACh Nic

.by 0.3 mM nicotine were also inhibited by micromolar
concentrations of atropine, a well-known muscarinic recep-
tor antagonist. This atropine effect was concentration-de-

Ž .pendent Fig. 3C and D and the IC value for this50
Ž . Ž .atropine action was 1.6 mM I and 1.7 mM I . TheACh Nic

data shown in Fig. 3D were collected from experiments in
which atropine was present 3–5 min before applying
acetylcholine or nicotine. Atropine also has a similar in-
hibitory effect when it is applied simultaneously with the

Ž .agonists data not shown , indicating that this inhibitory
effect occurs with very rapid kinetics. Removing atropine
from the external solution could wash out this effect. The
potency of atropine to inhibit I was decreased when theACh

current was induced by a lower concentration of acetyl-
Ž .choline 30 mM . Thus, in three experiments the average

control responses were y402"280, and y435"362 and
y211"350 pA in the presence of 1 and 10 mM of
atropine, respectively. Atropine by itself did not affect the
holding current in any of the tested neurons.

3.4. a-Bungarotoxin effects on IACh

The snake venom toxin, a-bungarotoxin, has been used
to specifically block certain subtypes of nicotinic recep-

Ž .Fig. 4. 5-Hydroxytryptamine 5-HT inhibited the current induced by
Ž . Ž .acetylcholine I . A Symbols are the means"S.E.M. of currentsACh

Ž .induced by 1 mM acetylcholine ns3–8 in the presence of various
concentrations of 5-HT. Activation of 5-HT receptors was prevented by3

300 nM ICS 205-930 in these experiments. Sigmoidal line were fitted
with a three-parameter logistic function. The 5-HT IC values was 19650

mM. Inset are whole-cell inward currents recorded in response to 1 mM
acetylcholine in various concentrations of 5-HT plus 300 nM ICS 205-930.
Ž .B Whole-cell inward currents induced by 1 mM acetylcholine before
Ž . Ž .left and after partial desensitization of the 5-HT 1 mM response.
Substances were added as indicated by lines. Similar results were ob-
served in six different neurons. All these currents were measured at a
holding potential of y60 mV.
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tors. In our preparations, a-bungarotoxin did not block
I at a concentration of 30 nM. The mean control valueACh

for I was y426"93 pA and the mean current wasACh

y366"85 pA after 5–10 min of a-bungarotoxin superfu-
Ž .sion ns9 .

3.5. 5-HT effects on IACh

In order to investigate the effects of 5-HT on I , weACh

blocked 5-HT receptors using ICS 205-930, a potent3
Žantagonist of these receptors IC s12 nM; Vanner and50

.Surprenant, 1990 . The pharmacological and electrophysio-
logical properties of submucosal 5-HT receptors have3

been previously characterized and their activation is known
Ž .to mediate fast cationic currents Derkach et al., 1989

Ž .with similar kinetics as those recorded here see Fig. 5A .
Ž .These fast currents induced by 5-HT I were totally5-HT
Ž .blocked by fast 300 nM ICS 205-930 ns6 , indicating

that they are mediated by 5-HT receptors. ICS 205,9303

has also been reported to inhibit nicotinic mediated depo-
Žlarizations in submucosal neurons Vanner and Surprenant,

.1990 . In our experiments, 1 or 10 mM ICS 205-930
Žinhibited 44"8% and 73"8% I induced by 1 mMACh

. Ž .acetylcholine , respectively ns5; Ps0.01 . At 300 nM,
Ž .however, ICS 205-930 had no effect I ns6 andACh

therefore, the following experiments were carried out in
presence of the 300 nM ICS 205-930.

Under these conditions, we found that 5-HT inhibits
I in a concentration-dependent manner, with an IC ofACh 50

Ž .180 mM Fig. 4A . This effect was completely reversible

Ž . Ž . Ž .Fig. 5. 5-Hydroxytryptamine 5-HT blocks the current induced by acetylcholine I very rapidly. Panel A shows recordings from one neuron of aACh
Ž . Ž . Ž .typical experiment left and panel B the average values of four similar experiments. Currents were induced by application of either acetylcholine 1 mM

Ž . Ž . Ž .or 5-HT I ; 1 mM and by the simultaneous application of both agonists I . I and I were recorded 5 min before Control and 5 min5-HT AChq5-HT ACh 5-HT
Ž . Ž))) .after Wash I . Error bars show the S.E.M.. The mean I was significantly lower P-0.005 than I and significantly largerAChq5-HT AChq5-HT ACh

Ž) . Ž .P-0.05 than I . According to the concentration–response curve of panel A , about 26% of I should still be recorded in the presence of 1 mM5-HT ACh

5-HT. In agreement with this interpretation, we found that the mean value of I q26% of I is represented by the open bar and was found to be5-HT ACh
Ž .non-significantly different NS than I . Whole-cell currents were measured at a holding potential of y60 mV.AChq5-HT
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Ž .only few seconds after the removal of 5-HT see Fig. 6B .
This effect was determined not to be a result of an
unknown interaction between ICS 205-930 and 5-HT be-
cause a similar inhibitory effect of 5-HT on I wasACh

Ž .observed in experiments ns6 in which we desensitized
Ž .most of the response to 5-HT Fig. 4B .

In addition, a similar inhibition of I by 5-HT wasACh

observed when both agonists were applied together. In
Ž .experiments performed in neurons ns4 in which I5-HT

amplitude was less than 50% of the I amplitude, weACh

measured the peak I and I , as well as the currentsACh 5-HT

induced by simultaneous application of both agonists
Ž .I . The prediction was that if 5-HT is blockingAChq5-HT

I , then I should be smaller than I . WeACh AChq5-HT ACh

found that I was significantly lower than IAChq5-HT ACh
Ž .alone P-0.005 but significantly larger than I alone5-HT

Ž .P-0.05; Fig. 5 . Another important observation was that
the I kinetics better resembles that of I thanAChq5-HT 5-HT

Ž .I Fig. 5 . 5-HT only blocks about 74% of the controlACh

Ž .I in the presence of ICS 205-930 Fig. 4A , suggestingACh

that I was composed by I and a smaller IAChq5-HT 5-HT ACh

component resistant to 1 mM 5-HT. In agreement with this
interpretation, the addition of I plus 26% of I was5-HT ACh

Ž .no different than I Fig. 5B . These experimentsAChq5-HT

indicate that 5-HT effects are as fast as the activation of
nicotinic acetylcholine receptors and that they cannot be
mediated by the activation of second messenger cascades.

In order to demonstrate that 5-HT’s inhibitory effect on
I was not due to cross-desensitization between nicotinicACh

and 5-HT receptors, we measured the amplitude of I3 ACh
Ž .and I before and immediately after ;5 s a relatively5-HT

Ž .long application of acetylcholine or 5-HT 1 mM each .
This long application lasted for at least 15 s or until the

Žinduced current had desensitized approximately 80% usu-
.ally within 30 s . Some typical recordings and the average

data from such experiments are shown in Fig. 6. We
observed that nicotinic receptor desensitization with acetyl-

Žcholine decreased I significantly from y2687"468ACh

Ž . Ž . Ž .Fig. 6. No cross-desensitization was observed between nicotinic and 5-HT receptors. A Currents induced by acetylcholine I and 5-HT I were3 ACh 5-HT
Ž . Ž . Ž .desensitized by relatively long applications of these agonists. Control I B and I C were recorded 5 min before left recordings in B and C andACh 5-HT

Ž .immediately after ;5 s a prolonged application of the other agonist. Similar observations were performed in other four experiments. The holding
potential was y60 mV.
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Ž . Ž .Fig. 7. The inhibition of the acetylcholine-activated current I by atropine, hexamethonium, and 5-hydroxytryptamine 5-HT was voltage-dependent.ACh
Ž .Bars represent the average current inhibition measured at y60, 0, or q40 mV membrane potentials. The number of cells n and P values are indicated.

to y1061"400 pA; P-0.05; ns4; left recording of
. Ž .Fig. 6A , whereas it did not affect I Fig. 6C; ns4 .5-HT

Similarly, 5-HT receptor desensitization with 5-HT de-3
Žcreased I significantly from y2047"315 to 172"5-HT

.29; P-0.05; ns3; right recording of Fig. 6A , whereas
Ž .it did not affect I Fig. 6B; ns4 . In other words, noACh

cross-desensitization was observed between nicotinic and
5-HT receptors.3

3.6. Atropine, hexamethonium, and 5-HT effects on I atACh

q40 mV

The mean inhibitory effect induced by atropine, hexam-
ethonium, and 5-HT on I was lower at q40 mV thanACh

at y60 mV when outward and inward currents were
Ž .recorded, respectively Fig. 7 . Cells were clamped at these

potentials for at least 5 min before these experiments were
performed.

4. Discussion

We found that nicotinic receptors expressed by submu-
cosal neurons are inhibited by atropine and 5-HT. The later

Žsubstance is highly concentrated in the gut see Gershon,
.1999 . It is therefore possible that this 5-HT inhibitory

effect might play a neuromodulatory role in the gastro-
intestinal tract. Atropine, on the other hand, is a potent
antagonist of muscarinic receptors and it has been used to
prevent the activation of these receptors in many gastro-
intestinal studies, at concentrations equal to or larger than
1 mM. We found that, at these concentrations, atropine is
also able to inhibit submucosal nicotinic acetylcholine
receptor.

4.1. Whole cell inward currents induced by acetylcholine
in submucosal neurons are mediated by nicotinic receptors

The currents induced by acetylcholine could also be
mimicked by the application of nicotine. Furthermore, both
I and I were blocked by hexamethonium, indicatingACh Nic

that they are mediated by nicotinic receptors. The maximal
currents induced by nicotine are smaller than those in-
duced by acetylcholine. An easy explanation for this is that
the nicotine is activating only a subset of the receptors
activated by acetylcholine. Further support for this inter-
pretation comes from the fact that the Hill’s coefficient for
the concentration–response curves of these two agonists is
different and no outward current was evoked by nicotine.
This interpretation is in agreement with a recent report by

Ž .Kirchgessner and Liu 1998 , who found immunoreactivity
for a3, a5, a7, and b4 subunits in submucosal neurons.
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Each nicotinic receptor is thought to contain at least two
alpha subunits. Therefore, it is possible that if two or three
a-subunits are expressed in the same submucosal neuron,
they might get combined differently to form various nico-
tinic acetylcholine receptor subtypes.

The a7 subunits are able to form homomeric receptors
Ž .that are known to be atropine- Peng et al., 1994 and

Ž . Ža-bungarotoxin IC s2–3 nM -sensitive Alkondon and50
.Albuquerque, 1993; Couturier et al., 1990 . However, it is

unlikely that the submucosal nicotinic acetylcholine recep-
tors observed are a7 homomeric receptors because a7

Ž .desensitizing kinetics, as described by Peng et al. 1994 ,
is far more rapid than those observed here and submucosal
nicotinic acetylcholine receptors were not affected by 30
nM a-bungarotoxin.

Experiments carried out in Xenopus laeÕis oocytes
Ž . Ž .Zwart and Vijverberg, 1997 showed that atropine 1 mM
inhibits by 23"5% and 51"3% the currents induced by
1 mM acetylcholine of channels formed by the combina-
tion of a3b4 and a2b4 subunits. Currents through other

Ž .nicotinic acetylcholine receptor e.g., a4b2 and a4b4
Ž .were also inhibited by atropine ;50% when 1 mM

acetylcholine was used to evoke the current but the same
Ž . Ž .concentration of atropine 1 mM potentiates ;60% the

currents induced by a much lower concentration of acetyl-
Ž .choline 1 mM . Here, we found an inhibitory effect of
Ž . Ž44"14% for 1 mM acetylcholine and 35"9% for 300
.mM nicotine with the same concentration of atropine and

no potentiatory effect was observed when lower concentra-
Ž .tions of acetylcholine 30 mM were used. Thus, the

pharmacological properties of submucosal native nicotinic
acetylcholine receptor resemble better those of a3b4 and
a2b4. The fact that immunoreactivity for a3 and b4

Žsubunits is present in submucosal neurons Kirchgessner
.and Liu, 1998 supports the hypothesis that these subunits

could form the native nicotinic acetylcholine receptors of
submucosal neurons. In agreement with this interpretation,
other ganglionic nicotinic receptors are believed to be

Ž .formed by the last two subunits Wong et al., 1995 .
Native nicotinic acetylcholine receptors expressed in

Žbullfrog sympathetic ganglion cells Minota and Kuba,
.1999; Connor et al., 1983 and in guinea-pig chromaffin

Ž .cells Inoue and Kuriyama, 1991 are also atropine-sensi-
tive in contrast to those expressed in solitary rat retinal

Ž .ganglion cells Lipton et al., 1987 , which are not affected
by even a relatively large concentration of this substance
Ž .10 mM .

4.2. 5-HT blocks submucosal nicotinic receptors

This is the first study reporting the blocking effect of
5-HT on I in enteric neurons and we propose that thisACh

might be just another mechanism by which 5-HT modu-
lates the enteric nervous system. The presence of sero-
toninergic neurons and the existence of a complex popula-
tion of 5-HT receptors in the enteric nervous system has

been interpreted in favour of the hypothesis that 5-HT is a
neurotransmitter and neuromodulator in the enteric ner-

Ž .vous system see reviews by Talley, 1992; Gershon, 1999 .
In the present study, we found that concentrations as low
as 30 mM of 5-HT can inhibit the submucosal nicotinic
acetylcholine receptor. We speculate that similar or even
higher concentrations of 5-HT might be reached in puta-
tive serotoninergic enteric synapses. Indeed, 5-HT chan-3

nels present in submucosal neurons are activated at 5-HT
Ž .concentrations Derkach et al., 1989 similar to those

Ž .required to inhibit nicotinic channels present study .
A large portion of the 5-HT present at a given time in

the body is produced in the gastrointestinal tract, mainly
Ž .by enterochromaffin cells see Gershon, 1999 . It is also

possible that similar micromolar concentrations are reach-
able in the vicinity of enterochromaffin cells during 5-HT
release and therefore, the blockage of nicotinic channels in
nerve terminals could be one of the postulated paracrine
effects of 5-HT. In agreement with this hypothesis, some
axons are known to incorporate nicotinic receptors into

Ž .their membrane Buckley and Caulfield, 1992 . The func-
tion of these receptors is unknown but it has been pro-
posed that they might modulate transmitter release
Ž .Carneiro and Markus, 1994; McMahon et al., 1994 . In
the gut, the mucosa is known to be richly innervated
Ž .Javed and Cooke, 1992 including enterochromaffin cells
Ž .Ahlman et al., 1996 . Some of these mucosal nerves
might contain nicotinic receptors and they might run close
enough to enterochromaffin cells so as to be affected by
their secretory products, e.g. 5-HT. In agreement with this
hypothesis, 5-HT stimulates mesenteric afferents by a di-
rect action on 5HT receptors, which are likely to be3

Žpresent on vagal mucosal afferent terminals Hillsley et al.,
.1998 . Altogether, these observations indicate that the

inhibitory effect of 5-HT on nicotinic channels might be
involved in a neuromodulatory action of this substance in
the gut mucosa.

Other serotoninergic drugs also inhibit submucosal
nicotinic acetylcholine receptors. Thus, melatonin, a hor-
mone synthesized by 5-HT acetylation, also inhibits IACh

in submucosal neurons of guinea-pig small intestine
Ž .Barajas-Lopez et al., 1996b . In agreement with a previ-´

Ž .ous report Vanner and Surprenant, 1990 , we found that
ICS 205-930, a well-known 5-HT receptor antagonist,3

also blocks these nicotinic acetylcholine receptors. These
observations are also in agreement with previous studies
that have shown an inhibitory effect of various serotoniner-
gic substances on nicotinic acetylcholine receptor in other

Ž .preparations Nakazawa et al., 1995; Grassi et al., 1993 .
The inhibitory effect of atropine, hexamethonium, and

5-HT on the submucosal I was voltage-dependent,ACh

which suggests that these drugs block nicotinic channels
by binding to a site close to the channel mouth or by
entering into the open pores. This interpretation is in
agreement with previous results discussed by others re-

Žgarding the mechanisms by which atropine Zwart and
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. ŽVijverberg, 1997 , hexamethonium Bertrand et al., 1990;
. ŽAscher et al., 1979 , melatonin Barajas-Lopez et al.,´

. Ž1996b , and 5-HT Nakazawa et al., 1995; Grassi et al.,
.1993 inhibit other neuronal nicotinic channels. Indeed,

atropine was more potent to inhibit I induced by largerACh
Ž .concentrations of acetylcholine 1 mM vs. 30 mM .

In conclusion, 5-HT and atropine appear to directly
inhibit the nicotinic submucosal ion channels. This effect
of atropine is seen at concentrations of as low as 1 mM,
which are often used to block muscarinic receptors in
various gut preparations. Our results indicate that 5-HT
might be a local modulator of nicotinic channels in the
gastrointestinal tract.
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