












With regard to the location of enteric neuronal cell bodies
in the clasp, sling, and LEC regions, our immunohistochem-
ical investigation showed that there were several small neu-
ronal cell bodies located within the inner circular layer itself.
The location of these small neurons match those described in
the opossum lower gastroesophageal high-pressure zone
(Sengupta et al., 1987). In that study, small groupings of
“atypical” thionin-Sudan black-stained (i.e., Nissl-stained)
neurons were buried within the circular muscle, in addition
to groupings of neurons buried within the longitudinal mus-
cle layer and between the longitudinal and circular layers.
The latter two areas were not studied here because our focus
was on the possible location of neurons within the muscle
strips that were examined physiologically. Our findings in
the LEC region also match those by Kim et al. (2008), who
observed Pgp9.5 neuronal structures buried within muscular
layers of esophageal wall of patients with esophageal myop-
athies. Because our and Kim’s studies are the first to exam-
ine the location of neuronal structures in the GEJ of humans
using specific neuronal markers, perhaps the location of
these neurons are in fact not atypical but the norm.

Neuronal NO seems to be a major neurotransmitter medi-
ating nerve-evoked relaxations in human gastric clasp mus-
cle fiber strips (Gonzalez et al., 2004). �-Adrenergic and D2

dopamine receptor agonists (Tian et al., 2004) as well as
vasoactive intestinal polypeptide (VIP), pituitary adenylate
cyclase-activating peptide (PACAP), and adenosine have also
been reported to relax human clasp muscle fibers (Gonzalez
et al., 2004). The nonadrenergic, noncholinergic neurotrans-
mitters NO, VIP, PACAP, ATP, calcitonin gene-related poly-
peptide (CGRP), and CO all have inhibitory effects in the
gastrointestinal tract. Immunohistochemistry of the LES
myenteric neurons shows the presence of NOS, the peptides
VIP, PACAP, and CGRP, and the constitutive enzyme heme
oxygenase type 2 that is involved in the synthesis of CO (De
Man et al., 1991; Murray et al., 1991; Tłottrup et al., 1991;

Oliveira et al., 1992; Tøttrup et al., 1993; Kortezova et al.,
1996; Yuan et al., 1998; Farre et al., 2006; Farré et al., 2007).

The role of NO in relaxation of LES smooth muscle has
been extensively studied in vitro. Stimulation of the intrinsic
nerves by EFS induces an on contraction instead of an “on”
relaxation in circular esophagogastric junction muscle strips
from achalasic patients, suggesting that nitrergic neu-
rotransmission is severely impaired (Tøttrup et al., 1990). In
many different species, NO, NO donors, and EFS can induce
relaxation and hyperpolarization of smooth muscle strips
from the LES by a cGMP pathway. Experiments using cGMP
inhibitors and direct measurements of cGMP confirmed that
activation of nitrergic myenteric neuron induces smooth
muscle relaxation via the guanylate cyclase-cGMP pathway
(Torphy et al., 1986; Barnette et al., 1989; Rattan and
Moummi, 1989; Conklin and Du, 1992; Jun et al., 2003; Farre
et al., 2006). A current hypothesis proposes that NO inhibits
calcium-activated chloride current via intracellular increase
of cGMP, leading to inhibitory junction potentials and relax-
ation (Zhang and Paterson, 2003). Nitric oxide is considered
the main inhibitory neurotransmitter at the LES.

Nicotine relaxes carbachol-precontracted human esophageal
muscle strips, which are mostly blocked by L-N-nitroarginine
and completely blocked by hexamethonium (Gonzalez et al.,
2004). Studies using porcine clasp fibers demonstrate that nic-
otine indirectly relaxes smooth muscle because relaxation is
inhibited by hexamethonium and TTX (Farre et al., 2006).
Nicotine has been reported to stimulate two independent path-
ways. One is NO-mediated, and the other is sensitive to the
ATP-type calcium-activated K� channel blocker apamin and
mediated mostly by P2Y with a minor P2X purinergic receptor
contribution (Farre et al., 2006). In the current study, we dem-
onstrated that clasp, sling, and LEC muscle strips, precon-
tracted with bethanechol, showed relaxation with administra-
tion of nicotine and that the relaxation was blocked to variable
degrees using TTX (only in clasp fibers), the NOS inhibitor

Fig. 5. Mean � S.E.M. of the maximal
contraction to 30 �M bethanechol (A, B,
and C) and the maximal relaxation re-
sponse (D, E, and F) to nicotine (NIC, 0.1,
0.3, and 1 mM) before (open bars) and
after (shaded bars) 30-min exposure to
vehicle (H2O, Veh), 100 �M bicuculline
(BIC), 100 �M L-NAME, 10 �M propran-
olol (Prop), 10 �M strychnine (Stry), and
1 �M tetrodotoxin (TTX). For clasp and
sling fibers, all bars represent mean �
S.E.M. from at least eight muscle strips
from four different specimens, with the
exception of TTX, which was derived from
at least six muscle strips from three dif-
ferent specimens. For LEC fibers, n 	 at
least six muscle strips from four speci-
mens, with the exception of Veh (two
specimens) and TTX (one specimen). Sta-
tistical difference between pre- and
postresponses is indicated by �� (p �
0.01).
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L-NAME, and the �-adrenergic receptor antagonist propranolol.
The glycine receptor antagonist strychnine and the GABAA

antagonist bicuculline inhibited relaxations with potencies con-
sistent with nicotinic receptor blockade. Because the glycine
receptor antagonist ginkgolide B had no effect on nicotine-

induced relaxations and the glycine agonists taurine and gly-
cine did not induce relaxation, we can conclude that the nico-
tine-induced relaxations are not mediated by activation of
glycine receptors in clasp or sling fibers. The more selective
GABAA antagonist SR95531 did not affect nicotine-induced re-

Fig. 6. Mean � S.E.M. of the contraction
response to bethanechol and relaxation
responses to nicotine before (open bars)
and after (shaded bars) 30-min exposure
to vehicle (H2O, VEH) or propranolol (1,
3, and 10 �M) for clasp fibers (top panels),
sling fibers (middle panels; 0.1, 0.3, 1, 3,
and 10 �M), and for LEC fibers (bottom
panels; 1, 3, and 10 �M). Statistical dif-
ference between pre- and postresponses is
indicated by � (p � 0.05) and �� (p �
0.01). n 	 4–15 clasp muscle strips from
two to four specimens, n 	 4–30 sling
muscle strips from two to four specimens,
and n 	 3–12 LEC muscle strips from two
to four specimens.

Fig. 7. Concentration-response curves for bicuculline (BIC), L-NAME, propranolol (PROP), and strychnine (STRY) inhibition of 1 mM nicotine-induced
relaxations of 30 �M bethanechol precontracted clasp (A), sling (B), and LEC (C) muscle fibers. The data are shown as the percentage (mean � S.E.M.)
of the relaxation response to nicotine after the addition of antagonist to the relaxation response to nicotine before the addition of antagonist calculated
for each muscle strip. These curves were derived from 4–15 clasp muscle strips from two to four specimens, 4–30 sling muscle strips from two to four
specimens, and 3–12 LEC muscle strips from two to four specimens for each concentration of antagonist.
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laxations in clasp fibers but reduced sling fiber relaxations by
approximately one third. Thus, nicotine-induced relaxations
are not mediated by activation of GABAA receptors in clasp
fibers, but at least a portion of the relaxation in sling fibers is
mediated by GABAA receptors.

The fact that TTX blocks the nicotine-mediated relaxation
in clasp fibers suggests that nicotine causes the relaxation
early on in the pathway at a neuromuscular junctional site.
Historically, NO has been thought to be the final mediator of
the relaxation. However, NOS inhibition did not completely
block the relaxation, suggesting that other non-nitrergic neu-
rotransmitters are also involved. The nitric oxide donor
SNAP caused the same degree of relaxation in both clasp and
sling fibers as nicotine. The �-adrenoceptor agonist isopro-
terenol relaxed clasp fibers nearly as much as nicotine but
did not relax sling fibers, whereas the GABAA agonist mus-
cimol did not relax either clasp or sling fibers. It is not
entirely clear how the �-adrenoceptor antagonist propranolol
can completely prevent the nicotine-induced relaxations in
both clasp and sling fibers, whereas the �-adrenoceptor ago-
nist isoproterenol only relaxes the clasp and not sling fibers.
Likewise, it is unclear how the GABAA antagonist SR95531
can inhibit nicotine-induced relaxations in sling fibers by
35%, whereas the relaxation effect of the GABAA agonist
muscimol was not evident in sling fibers. One possible expla-
nation for these findings is that a threshold concentration of
each of the neurotransmitters (norepinephrine and GABA) is
needed to induce a relaxation. Therefore, any one of the indi-
vidual antagonists could prevent the relaxations. A second ex-
planation is that the neural pathways involved in relaxation are
connected in series rather than in parallel. Therefore, blocking
one neurotransmitter blocks the action of the other neurotrans-
mitter and effectively blocks the relaxation.

Based on the findings of this study, we can make the
conclusions that, in the face of muscarinic receptor stimula-
tion, activation of nicotinic receptors on the enteric neurons
in GEJ smooth muscle causes release of multiple substances

that relax the clasp, sling, and LEC smooth muscles, includ-
ing NO in clasp, sling, and LEC fibers, norepinephrine acting
on �-adrenoceptors in clasp fibers, and GABA acting on
GABAA receptors in sling fibers. Because selective relaxation
of these particular smooth muscle fibers of the GEJ are early
events in the TLESRs that mediate GERD, identification of
agents that selectively prevent these relaxations may be
useful therapeutic agents to treat GERD by preventing
TLESRs.
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