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We tested the hypothesis that a subset of enteric neurons is
glucoresponsive and expresses ATP-sensitive K1 (KATP) chan-
nels. The immunoreactivities of the inwardly rectifying K1 chan-
nel 6.2 (Kir6.2) and the sulfonylurea receptor (SUR), now re-
named SUR1, subunits of pancreatic b-cell KATP channels,
were detected on cholinergic neurons in the guinea pig ileum,
many of which were identified as sensory by their costorage of
substance P and/or calbindin. Glucoresponsive neurons were
distinguished in the myenteric plexus because of the hyperpo-
larization and decrease in membrane input resistance that were
observed in response to removal of extracellular glucose. The
effects of no-glucose were reversed on the reintroduction
of glucose or by the KATP channel inhibitor tolbutamide. No
reversal of the hyperpolarization was observed when D-
mannoheptulose, a hexokinase inhibitor, was present on the
reintroduction of glucose. Application of the KATP channel

opener diazoxide or the ob gene product leptin mimicked the
effect of glucose removal in a reversible manner; moreover,
hyperpolarizations evoked by either agent were inhibited by
tolbutamide. Glucoresponsive neurons displayed leptin recep-
tor immunoreactivity, which was widespread in both enteric
plexuses. Superfusion of diazoxide inhibited fast synaptic ac-
tivity in myenteric neurons, via activation of presynaptic KATP

channels. Diazoxide also produced a decrease in colonic mo-
tility. These experiments demonstrate for the first time the
presence of glucoresponsive neurons in the gut. We propose
that the glucose-induced excitation of these neurons be medi-
ated by inhibition of KATP channels. The results support the idea
that enteric KATP channels play a role in glucose-evoked
reflexes.
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The hypothalamus plays a pivotal role in the control of feeding
behavior and energy homeostasis. It contains neuropeptides that
modulate food intake (Inui, 1999), as well as neurons that possess
a unique sensitivity to circulating levels of glucose (Oomura,
1983). Neurons that are excited by glucose are found in the
ventromedial hypothalamus (VMH) (Ashford et al., 1990a,b).
Activation of glucoresponsive neurons inhibits food intake
(Anand and Brobeck, 1951).

The pancreatic b-cell also acts as a glucose sensor with respect
to the release of insulin. When blood glucose levels rise, the b-cell
responds to the increase by metabolizing glucose and increasing
[ATP]i. The increase in [ATP]i closes ATP-sensitive K1 (KATP)
channels present in the b-cell membrane (Ashcroft et al., 1984;
Cook and Hales, 1984; Rorsman and Trube, 1985). This depolar-
izes the cell (Matthews, 1985), causing the activation of voltage-
sensitive Ca21 channels, the influx of Ca 21, and insulin release
(Ashcroft and Ashcroft, 1990).

KATP channels are found in glucoresponsive VMH neurons
(Ashford et al., 1990a,b) and in many types of excitable cell where

they act to link cell excitability with metabolic status (Ashcroft
and Ashcroft, 1990). KATP channels present in b-cells are com-
posed of two subunits, the inwardly rectifying K1 channel 6.2
(Kir6.2), a member of the Kir family of inwardly rectifying K1

channels, and the sulfonylurea receptor (SUR), now renamed
SUR1, a member of the ATP-binding cassette superfamily
(Aguilar-Bryan et al., 1995; Inagaki et al., 1995a,b). Sulfonylureas,
such as tolbutamide, are blockers of KATP channels, thereby
mimicking the actions of high [ATP]i. The hyperglycemic com-
pound diazoxide opens KATP channels (Dunne et al., 1989; Lee et
al., 1999). KATP channels are also regulated by the ob gene
product leptin. Leptin activates KATP channels in b-cells (Keiffer
et al., 1997) and VMH neurons (Spanswick et al., 1997), an action
consistent with the suppression of insulin secretion (Keiffer et al.,
1997) and an action that may reflect its antiobesity actions.

Glucose evokes enteric (Raybould and Zittel, 1995) and en-
teropancreatic (Kirchgessner et al., 1996) reflexes; however, the
mechanism by which glucose is “sensed” in the lumen and how it
evokes neurally mediated reflexes are not known. It has been
shown that intestinal vagal and spinal afferent nerves are sensitive
to glucose (Mei, 1978; Grundy and Scratcherd, 1989). Nerve
terminals in the mucosa also originate from primary afferent
neurons located within the enteric nervous system (ENS) (Kirch-
gessner et al., 1992; Furness et al., 1998); however, it is not known
whether intrinsic primary afferent neurons are glucoresponsive.

In the present study, we determined whether glucose modulates
the activity of enteric neurons and whether enteric neurons ex-
press KATP channels. We report that a subset of enteric neurons
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that have been demonstrated previously to be sensory are glu-
coresponsive, display immunoreactivities of Kir6.2 and SUR1,
and are responsive to leptin. These findings are consistent with
the idea that enteric neurons contain KATP channels and support
the possibility that enteric KATP channels play a role in glucose-
evoked reflexes.

MATERIALS AND METHODS
Immunocytochemistry. Male guinea pigs (200–300 gm) were stunned by a
blow to the head and exsanguinated. The Animal Care and Use Com-
mittee of Columbia University has approved this procedure. The bowel
and pancreas were removed and washed with Krebs’ solution. For whole-
mount preparations, segments of gut were washed through the lumen
with iced Krebs’ solution and cut along the mesenteric border. The
resulting sheet of gut was pinned flat, mucosal side up, in Krebs’ solution
in a silicone elastomer (Sylgard; Dow Corning, Midland, MI)-coated
dish. The immobilized tissue was fixed for 3.0 hr with 4% paraformal-
dehyde in 0.1 M phosphate buffer, pH 7.4. After fixation, the preparations
were washed in PBS for 1 hr and then dissected into layers, as described
previously (Kirchgessner and Gershon, 1988). Material to be sectioned
was cryoprotected overnight (at 4°C) in PBS containing 30% (w/v)
sucrose, embedded in ornithine carbamyl transferase (TissueTek; Miles,
Elkhart, IN), frozen with liquid N2, and sectioned (10 mm) by the use of
a cryostat microtome.

To locate KATP channel and leptin receptor proteins in the tissue by
immunocytochemistry, we exposed free-floating preparations or cryostat
sections to PBS containing 0.5% Triton X-100 and 4% horse serum for 30
min to permeabilize the tissue and reduce background staining. Immu-
noreactivity was then demonstrated by incubating the tissues with
affinity-purified polyclonal antibodies (24–48 hr; 4°C) to Kir6.2, SUR1,
or leptin receptors (LepR). The primary Kir6.2 antiserum used has been
described in detail elsewhere (Suzuki et al., 1997). It was raised in rabbits
against the synthetic peptide corresponding to the 14 C-terminal amino
acid residues (KAKPKFSISPDSLS) of mouse origin. The SUR1 anti-
body was raised in rabbits against the synthetic peptide KPE-
KLLSQKDSVFASFVRADK that corresponds to amino acid residues
1561–1581 at the C-terminal of rat SUR1. Antibody screening was done
by ELISA on plates coated with the immunizing peptide. The antibody
was purified by immunoaffinity chromatography. Further characteriza-
tion was performed by Western blot analysis using crude membrane
fractions of COS-1 cells stably transfected with pCMV6C carrying
hamster SUR1 or vector alone (control) or crude membrane fractions of
MIN6 cells. COS-1 cells were transfected by the lipofectamine method
(Inagaki et al., 1995b), and electroblotting and signal detection, using an
enhanced chemiluminescence system (ECL; Amersham, Arlington
Heights, IL), were performed as described previously (Suzuki et al.,
1997). An absorption test was performed by preincubating anti-SUR1
antibody with 2.4 mg/ml antigen oligopeptides.

Antiserum against LepR was purchased from Santa Cruz Biotechnol-
ogy (diluted 1:100; Santa Cruz, CA). This antibody is an affinity-purified
goat polyclonal antiserum raised against a peptide corresponding to
amino acids 877–894 mapping at the C terminal of LepR of mouse
origin. This antiserum has been tested extensively (Hakansson et al.,
1998; Horvath et al., 1999) and was found to bind to both the short and
long isoforms of LepR in transfected cells and rat hypothalamus. Bound
antibodies were visualized by incubating tissues for 3 hr with fluorescein
isothiocyanate (FITC)-labeled secondary antibodies to rabbit or goat
IgG (diluted 1:200; Jackson ImmunoResearch, West Grove, PA). After
washing with PBS, the tissues were coverslipped with Vectashield (Vec-
tor Laboratories, Burlingame, CA). In every experiment, parallel control
sections were included that were incubated with normal horse serum
instead of primary antibodies. Omission of the primary antisera resulted
in no staining. FITC fluorescence was viewed with a Chroma Optical filter
set (excitation, 480 6 15 nm; dichroic, 505 nm; emission, 535 6 20 nm).

Double-label immunocytochemistry was used to identify cells that
display Kir6.2, SUR1, and LepR immunoreactivity. When double-label
immunocytochemistry was performed, one antigen (Kir6.2, SUR1, or
LepR) was visualized with a species-specific secondary antibody coupled
to FITC, whereas the second antigen was located with a species-specific
secondary antibody coupled to indocarbocyanine (Cy3; diluted 1:2000;
Jackson ImmunoResearch). Reagents used to locate antigens simulta-
neously with KATP channel or LepR immunoreactivity included a mono-
clonal antibody to calbindin (diluted 1:100; Sigma, St. Louis, MO)
(Kirchgessner and Liu, 1999) and polyclonal antibodies to substance P

(SP; diluted 1:2000; Accurate Chemicals, Westbury, NY) (Kirchgessner
and Liu, 1999), c-Kit (diluted 1:1000; Santa Cruz Biotechnology),
5-hydroxytryptamine (5-HT; diluted 1:400; Accurate Chemicals) (Kirch-
gessner et al., 1992), choline acetyltransferase (ChAT; diluted 1:1000;
Chemicon, Temicula, CA) (Kirchgessner and Liu, 1998), cholecystokinin
(CCK; diluted 1:1000; Chemicon), and neuropeptide Y (NPY; diluted
1:1000; Peninsula Laboratories, Belmont, CA) (Kirchgessner et al.,
1992). Omission of the primary antisera resulted in no staining. Cy3
fluorescence was visualized by vertical fluorescence microscopy using a
Chroma Optical filter set (excitation, 540 6 12.5 nm; dichroic, 565 nm;
emission, 605 6 27.5 nm). There is no cross-detection between the
FITC- and Cy3-selective filter sets.

Confocal microscopy. Preparations were examined by the use of an
LSM 410 Laser Scanning Confocal Microscope (Zeiss, Thornwood, NY)
equipped with a krypton/argon laser and attached to a Zeiss Axiovert
100 TV microscope. Usually, 10–15 optical sections were taken at 0.5–1.0
mm intervals. Images of 1012 3 1012 pixels were obtained and modified
by the use of Adobe Photoshop 3.0 (Adobe Systems, Mountain View,
CA) to adjust their contrast and brightness. Images were printed using a
dye sublimation printer (Tektronix Phaser 440 for color prints; Kodak
XLS-8600 for black-and-white prints; Eastman Kodak, Rochester, NY).

Electrophysiology. Male guinea pigs (200–300 gm) were stunned and
exsanguinated. A segment of ileum was excised and placed in oxygenated
(95% O2/5% CO2) Krebs’ solution of the following composition (mM):
NaCl (121), KCl (5.9), CaCl2 (2.5), NaHCO3 (14.3), NaH2PO4 (1.3),
MgCl2 (1.2), and glucose (12.7). The Krebs’ solution contained nifedi-
pine (1.0 mM) and scopolamine (1.0 mM) to block longitudinal muscle
contractions while intracellular recordings were obtained. When glucose
was removed from the Krebs’ solution, it was replaced with NaCl to
maintain osmolarity (Jiang and Haddad, 1992; Calabresi et al., 1997). A
1.0 mm 2 segment of ileum was cut open and pinned (mucosal surface up)
in a dish coated with a silicone elastomer. Preparations of longitudinal
muscle with adherent myenteric plexus were dissected, transferred to a
recording chamber (volume 5 1.0 ml), and stretched lightly with stainless
steel pins. Preparations were superfused (3.0 ml/min; 36°C) with oxy-
genated Krebs’ solution. Myenteric ganglia were visualized on the stage
of a Zeiss (Axiovert 35) inverted microscope at a magnification of 2003.
Intracellular recordings were obtained from neurons using glass micro-
electrodes filled with 2.0 M KCl (tip resistance, 80–140 MV) (Liu et al.,
1997). A negative-capacity compensation amplifier (Axoclamp 2B) was
used to record the transmembrane potential difference and to inject
current via the recording electrode. Rectangular electrical current pulses
with a duration of 40–400 msec were injected through the microelectrode
and were driven by Grass S88 stimulators (Grass Instruments, Quincy,
MA). Satisfactory impalements resulted in a stable resting membrane
potential of 235 mV or more. The input resistance of the impaled cell
was determined after the injection of a 0.1–0.9 nA hyperpolarizing
current pulse (40–100 msec duration). Membrane potentials and intra-
cellular current injections were displayed on a digital storage oscilloscope
(DSO450; Gould, Cleveland, OH), and permanent records were made on
a thermal array chart recorder (TA240; Gould).

Synaptic activation of neurons was elicited by direct stimuli applied to
nerve trunks attached to a myenteric ganglion with monopolar extracel-
lular electrodes made from Teflon-insulated platinum wire (25 mm di-
ameter). To evoke a fast EPSP, we stimulated nerve fibers using single
stimuli of 0.5 msec duration applied at a rate of 0.2 Hz. When studying
fast EPSPs, four individual responses were averaged. Krebs’ solution
with tetrodotoxin (TTX) or with an elevated concentration of Mg 21 (15
mM) and deficient in Ca 21 (0.1 mM) was used to block synaptic trans-
mission. Data are expressed as means 6 SEM. ANOVA followed by the
Scheffe F test (StatView 4.5; Abacus Concepts, Calabasas, CA) was used
to test for significance ( p , 0.001).

Drugs were applied to neurons by addition to the fluid superfusing the
preparations; complete exchange of the solution in the recording cham-
ber took 2 min. The drugs used were the following: (1) from Sigma,
sodium azide and TTX; (2) from Indofine Chemical Company (Somer-
ville, NJ), D-mannoheptulose; (3) from Research Biochemicals (Natick,
MA), diazoxide, tolbutamide, and pinacidil; and (4) from Biomol (Ply-
mouth Meeting, PA), human recombinant leptin. Tolbutamide was made
up as a 500 mM stock solution in dimethyl sulfoxide, whereas diazoxide
was prepared as a 300 mM solution in 0.1 M NaOH. Both compounds were
diluted at least 1000 times before tissue application. Human recombinant
leptin was prepared as a 125 mM stock solution and diluted daily to the
concentrations required (10–100 nM) in Krebs’ solution containing
0.01% BSA. Superfusion of the drug vehicle at relevant concentrations
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did not have any measurable effect on the electrical properties of enteric
neurons.

Intracellular labeling with Neurobiotin. To identify the enteric neurons
from which recordings were made, in some experiments, impaled neu-
rons were filled with 2.0% Neurobiotin (Vector Laboratories) in 1.0 M
KCl, as reported previously (Liu et al., 1997). After impaled neurons had
been characterized electrophysiologically, a depolarizing current was
passed through the microelectrodes (0.4–0.6 nA; 200 msec for 25 min) to
inject the Neurobiotin. After dye injection, the preparations were fixed
and permeabilized, as described above. Preparations were then incubated
with streptavidin (Jackson ImmunoResearch; 1:1000) conjugated to Cy3
for 1 hr.

Colonic motilit y assay. Colonic motility was measured according to
established methods (Foxx-Orenstein and Grider, 1996; Wade et al.,
1996). Briefly, segments of guinea pig distal colon (;8 cm long) were
mounted in Sylgard-coated chambers with insect pins placed in the
mesentery. The preparations were perfused (10 ml/min) continuously
with oxygenated Krebs’ solution and maintained at 37°C. Preparations
were allowed to equilibrate and empty themselves of fecal pellets for ;30
min before the experiments were begun. A baseline rate of motility was
then determined.

To evoke the peristaltic reflex, we inserted an artificial fecal pellet,
made from Sylgard or modeling clay, into the oral end of the isolated
segments of colon. The pellets were approximately the same size and
shape as a fecal pellet. The rate at which the pellet was transported
distally was measured by determining the time taken by the pellet to
transverse a distance of 5 cm in the middle of the segment. The pellet was
allowed to complete its passage down the entire segment. The pellet was
then retrieved and reinserted at the oral end of the segment of colon.
Experiments were started when the rate of propulsion became almost
constant for three consecutive trials after 1 min intervals. The average
rate of propulsion measured for the three consecutive trials counted as
the control rate. Diazoxide was added after the control records were
obtained. The colon was incubated for 10 min in the presence of the
compound before resuming the measurement of the rate of propulsion of
the pellets. The peristaltic reflex was again quantified by averaging the
rate of propulsion for three consecutive trials. The rate of propulsion of
the pellet in the presence of diazoxide was expressed as a percentage of
the control rate. Each preparation thus served as its own control. Com-
parisons between means for different concentrations of diazoxide were
analyzed using ANOVA followed by the Scheffe F test ( p , 0.001).

RESULTS
KATP channel subunit immunoreactivity is displayed by
enteric neurons
If KATP channels were present in the ENS, then as in other sites
where KATP channels exist, the enteric plexuses would be ex-
pected to contain neurons that can be demonstrated with KATP

channel-selective antibodies. Recent studies have shown that the
KATP channels found in b-cells are formed by the molecular
interaction between an inwardly rectifying K1 channel subunit
(Kir6.2) (Inagaki et al., 1995a; Sakura et al., 1995) and a high-
affinity receptor for the sulfonylureas (SUR1) (Inagaki et al.,
1995a). Immunocytochemistry was thus used to determine
whether evidence of the expression of these KATP channel sub-
units could be obtained.

The immunoreactivities of both Kir6.2 (Fig. 1A–E) and SUR1
(Fig. 1F,G) were detected on neurons in the guinea pig ileum. In
general, immunolabeling was punctate, filling the perikarya and,
occasionally, the proximal dendrites of a subset of enteric neu-
rons (Fig. 1D). In addition, the staining intensity of somata varied
(Fig. 1A). Some were very intensely stained; others were more
lightly stained.

Neurons in both the submucosal (Fig. 1A,B) and myenteric
(Fig. 1D) plexus that displayed ChAT immunoreactivity ex-
pressed Kir6.2 and SUR1; therefore, KATP channels appear to be
expressed by cholinergic neurons. Submucosal Kir6.2- and SUR1-
immunoreactive neurons also displayed SP immunoreactivity
(Fig. 1C), and a subset contained the Ca21-binding protein

calbindin (Fig. 1F,G), markers of submucosal primary afferent
neurons (Kirchgessner et al., 1992). The majority (82.73 6 1.3%)
of calbindin-immunoreactive neurons (n 5 250 cells from four
preparations) in the myenteric plexus contained Kir6.2, and
75.0 6 3.1% (n 5 200 cells from four preparations) contained
SUR1. Calbindin is present in ;70% of type 2/AH myenteric
neurons (Iyer et al., 1988) and is a marker of primary afferent
neurons in the myenteric plexus (Furness et al., 1998). Kir6.2 or
SUR1 was also found on neurons that did not display calbindin
immunoreactivity (Fig. 1E). These cells displayed Dogiel type I
morphology, characteristic of enteric motor and/or interneurons
(Costa et al., 1996).

Kir6.2- and SUR1-immunoreactive nerve fibers were found in
each plexus. Punctate immunoreactivity was found on nerve
fibers in interganglionic connectives and in enteric ganglia (Fig.
1A). Immunoreactive axons were also observed in the mucosa,
where they encircled intestinal crypts (Fig. 1H), in the circular
muscle layer (Fig. 1 I), and in paravascular nerve bundles (data
not shown). Kir6.2 immunoreactivity was found on smooth mus-
cle cells (data not shown). Cells in the deep muscular plexus (Fig.
1 I) displayed SUR1 immunoreactivity. These cells were identi-
fied as interstitial cells of Cajal, by the presence of c-Kit immu-
noreactivity (Fig. 1 I, inset) (Komuro and Zhou, 1996).

As demonstrated previously in the mouse pancreas (Suzuki et
al., 1997), Kir6.2 immunoreactivity was found in guinea pig islets
(Fig. 2A). Immunoreactivity was punctate (Fig. 2A, inset) and
appeared to be associated with the secretory granules of insulin-
immunoreactive islet cells (data not shown). The localization of
SUR1 immunoreactivity in islet cells was similar to that of Kir6.2
(Fig. 2B). Kir6.2 immunoreactivity was also found in a subset of
cholinergic pancreatic neurons (Fig. 2C,D) and cholinergic nerve
fibers (Fig. 2E,F) in the pancreatic parenchyma.

Incubation of sections from pancreas or ileum with SUR1
antiserum preabsorbed with control peptide abolished all immu-
noreactivity (Fig. 2G). By the use of anti-SUR1 antibody, a single
band at 140 kDa was detected in the crude membrane fractions of
COS-1 cells transfected with hamster SUR1 (Fig. 2H, lane 2),
whereas no signal was detected in COS-1 cells transfected with
pCMV vector alone (Fig. 2H, lane 1). A 140 kDa band was also
detected in crude membrane fractions of the mouse insulin-
secreting cell line MIN6 (Fig. 2H, lane 3). Together with the
results of immunocytochemistry (see above), these findings es-
tablish the specificity of the SUR1 antibodies.

Glucoresponsive neurons are present in the ENS
Intracellular records were obtained from guinea pig myenteric
neurons (Liu et al., 1997) to determine whether, as the immuno-
cytochemical data outlined above suggest, these cells express
KATP channels. Cells were classified physiologically as 2/AH or
1/S according to established criteria (Schutte et al., 1995; Liu et
al., 1997). To reduce the intracellular ATP concentration within
the cell soma to levels at which KATP channels could open
spontaneously, we perfused preparations with a glucose-free
solution.

Forty-seven of 61 (77%) myenteric neurons responded to the
removal of glucose (12.7 mM) from the perfusing medium with a
change in resting membrane potential (RMP), often with a
change in neuronal input resistance. Sixty-two percent were iden-
tified as glucoresponsive by virtue of the hyperpolarization that
was observed in response to removal of extracellular glucose (Fig.
3A). Thirty-eight percent were identified as glucosensitive, be-
cause application of a glucose-free solution evoked a membrane
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depolarization of up to 5 mV (Oomura et al., 1974). Both 1/S
(33%) and 2/AH (75%) neurons were hyperpolarized by the
removal of glucose, although more such responses were obtained
from 2/AH cells, because they tended to be impaled most often.

Within 10–15 min of glucose removal, the RMP of 2/AH and
1/S neurons was significantly increased when compared with the
initial value in normal glucose (12.7 mM)-containing Krebs’ solu-

tion (8.4 6 1.6 mV and n 5 19; 6.3 6 1.8 mV and n 5 5,
respectively; p , 0.01). In each case, the hyperpolarization was
accompanied by a decrease in neuronal input resistance (17.7 6
2.8% and n 5 19; 5.6 6 1.7% and n 5 5, respectively), measured
by changes in response to injection of hyperpolarizing current
pulses. Recovery of membrane potential and input resistance to
control levels required ;15 min after washout. At the end of the

Figure 1. Kir6.2 channel- and SUR1-like
immunoreactivity in the guinea pig ileum.
A, B, A subset of Kir6.2-immunoreactive
neurons in the submucosal plexus (A; ar-
row) coexpress ChAT (B). A subset of
ChAT neurons do not express Kir6.2 (ar-
rowhead). C, Kir6.2 (red) is displayed by
SP-immunoreactive neurons ( green) in the
submucosal plexus. Doubly labeled cells ap-
pear yellow. D, Kir6.2 (red) is displayed by
ChAT-immunoreactive neurons ( green) in
the myenteric plexus. Kir6.2 immunoreac-
tivity is present in the cell soma and prox-
imal dendrites (arrow). E, Not all calbindin
(CBP)-immunoreactive neurons ( green) in
the myenteric plexus express Kir6.2 (red;
arrow). F, G, SUR1-immunoreactive sub-
mucosal neurons (F) contain calbindin (G).
H, SUR1-immunoreactive nerve fibers en-
circle mucosal crypts (arrow). I, SUR1-
immunoreactive fibers found in the circular
muscle layer (cm) are deep muscular plexus
(arrow). Inset, SUR1 cells in the deep mus-
cular plexus ( green) display c-Kit immuno-
reactivity (red). A–E are confocal images.
Scale bars, 30 mm.
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recovery period, in some of the neurons, the membrane input
resistance increased slightly beyond control, and excitability, re-
flected by an increased number of spontaneous spikes, was en-
hanced. The possibility that the no-glucose-induced potential
change was a secondary effect caused by release of neurotrans-
mitters from nerve terminals was tested by superfusion of a
no-glucose solution in the presence and absence of TTX (0.3 mM).
In 2/AH (n 5 3) and 1/S (n 5 3) neurons, the presence of TTX
did not significantly alter the hyperpolarization produced by
glucose-free solutions; therefore, no-glucose was probably having
a direct effect on the neurons.

The dose dependence of the response to glucose was studied in
2/AH neurons. The amplitude of the membrane hyperpolariza-
tion was dose dependent (Fig. 3B). A progressive decrease in the
concentration of glucose (from 12.7 mM) resulted in larger hyper-
polarizations, reaching a plateau at ;5 mM. In contrast, higher
concentrations of glucose (16.7 mM) evoked a significant depo-
larization and increase in input resistance (Fig. 3B).

To examine the ionic currents potentially involved in the no-
glucose-evoked voltage response, we superfused a glucose-free
solution when 2/AH neurons were current clamped at potentials
more positive or more negative than the RMP. Plots of current–
voltage relations revealed decreased input resistance during the
hyperpolarizing action of no-glucose. The slopes of current–
voltage plots were always decreased relative to control during the
membrane hyperpolarization (Fig. 3C). The mean reversal po-
tential was 283 mV, a value close to the predicted K1 equilib-
rium potential (293 mV). Because of the reversal potential data
and the decrease in input resistance, the no-glucose-evoked hy-
perpolarization appears to involve the activation of a K1

conductance.
The hyperpolarization observed in response to removal of

extracellular glucose was fully reversed on the readdition of 12.7
mM glucose to the bath solution (Fig. 3A). If the same protocol
was followed but with 12 mM D-mannoheptulose (an inhibitor of
glucose metabolism at the level of hexose phosphorylation)
present on readdition of glucose, the cells did not repolarize (Fig.
3D). The actions of glucose and D-mannoheptulose on enteric
neurons are similar to those observed in b-cells and VMH
neurons (Dean et al., 1975; Ashford et al., 1990a) and are con-
sistent with the idea that no-glucose exerts its effects via KATP

channels that have been opened by a decrease in intracellular
ATP. In support of this hypothesis, superfusion of the metabolic
inhibitor sodium azide (3 mM) evoked a hyperpolarization (3.7 6
0.8 mV) in glucoresponsive 2/AH neurons (n 5 6), with a con-
comitant decrease in input resistance (12.0 6 3.6%). The effect of
sodium azide was reversible on washout of the inhibitor.

Glucoresponsive enteric neurons are sensitive
to tolbutamide
The hyperpolarization of enteric neurons produced by glucose-
free solutions appears to be caused by the activation of a K1

current. To determine whether the channel that mediates this
response is KATP, we examined the effects of the sulfonylurea
tolbutamide. In seven 2/AH neurons, a glucose-free solution
hyperpolarized the membrane potential from 255 to 268 mV
with a concomitant decrease in input resistance of 18.0 6 6.2%.
Superfusion of tolbutamide (100–500 mM) completely reversed
the effects of no-glucose (Fig. 4A), inducing depolarization (7.5 6
2.1 mV; n 5 7) and an increased input resistance (16.4 6 6.9%;
n 5 7). Like VMH neurons (Ashford et al., 1990b), in the
presence of tolbutamide and no-glucose, glucoresponsive enteric

Figure 2. Kir6.2 and SUR1-like immunoreactivity in the guinea pig
pancreas. A, B, A subset of islet cells display Kir6.2 ( A) and SUR1 ( B)
immunoreactivity. A, Inset, Immunoreactivity is localized to secretory
granules. C–F, Kir6.2 immunoreactivity (C, E) is displayed by ChAT-
positive pancreatic neurons ( D) and nerve fibers ( F). G, Note the total
absence of SUR1 staining in sections incubated with preadsorbed anti-
serum. H, Western blotting of SUR1 is shown. Lane 1, Crude membrane
fraction of mock-transfected COS-1 cells is shown; lane 2, crude mem-
brane fraction of COS-1 cells transfected with pCMV6C vector carrying
hamster SUR1 is shown; lane 3, crude membrane fraction of the mouse
insulinoma cell line MIN6 is shown. Approximately 5 mg of total cell was
applied to the lanes, and the plate was treated with SUR1 antibody
(diluted 1:4000). The figure reveals a dense band of ;140 kDa in lanes 2
and 3. A and C–F are confocal images. Scale bars: A–G, 30 mm.
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neurons often reached the threshold for action potential firing
(Fig. 4A). Removal of tolbutamide allowed the no-glucose re-
sponse to reemerge, as neurons reestablished a hyperpolarized
membrane potential with an associated increased conductance
(data not shown). Reducing the extracellular glucose concentra-
tion bathing glucoresponsive neurons or applying tolbutamide are
considered to alter membrane potential and input resistance by
activation and inhibition, respectively, of KATP channels (Ashford
et al., 1990a,b); therefore, our data strongly suggest that glucore-
sponsive neurons express KATP channels.

Interestingly, tolbutamide in the presence of glucose caused a
depolarization of 2/AH neurons (6.3 6 0.9 mV; n 5 7) with an
increase in input resistance (12.1 6 4.9%; n 5 7; Fig. 4B). This
finding suggests that KATP channels are activated under basal
conditions and probably contribute to the resting K1 conduc-
tance and so the membrane potential of this cell type. Because
2/AH neurons contain other channel types, including Ca 21-
activated K1 channels (Furness et al., 1998), the involvement of
multiple channels sensitive to tolbutamide remains to be
determined.

Glucoresponsive enteric neurons are hyperpolarized
by the KATP channel opener diazoxide and leptin
The KATP channel opener selected for this study, diazoxide, was
chosen because it is the most effective of the K1 channel openers
at activating the b-cell and VMH neuron KATP channel (Dunne
et al., 1989; Lee et al., 1999). Concentrations used were compa-
rable with those used by other investigators and found to be
effective in opening KATP channels (Watts et al., 1995). An initial
removal of glucose was used to determine whether the cell was
glucoresponsive. Cells that were not hyperpolarized by the re-
moval of glucose were not studied further, because a preliminary

investigation revealed that these cells also failed to respond to
diazoxide (n 5 5).

The hyperpolarization produced by removal of glucose from
the bath solution was mimicked by diazoxide (300 mM) (Trube et
al., 1986) in nine of nine glucoresponsive 2/AH and three of three
1/S neurons studied (Fig. 5A). Superfusion of diazoxide produced
a significant increase in RMP (7.2 6 1.2 mV; n 5 9; p , 0.05),
which reached maximal amplitude within 10 6 0.1 min after
application. In contrast, similar applications of the KATP channel
opener pinacidil (n 5 3; 500 mM) failed to evoke a significant
hyperpolarization. The diazoxide-induced hyperpolarization was
accompanied by a significant decrease in input resistance of
19.5 6 4.4% (n 5 9; p , 0.001). Current–voltage relations in
2/AH neurons before and after diazoxide application (Fig. 5B)
showed that the conductance increase had a reversal potential of
282 6 3 mV (n 5 3), indicating an increase in potassium current.

Diazoxide induced a greater hyperpolarization in a glucose-
free solution (Fig. 5D). In five glucoresponsive 2/AH neurons,
diazoxide hyperpolarized the membrane potential from 258.0 6
2.1 to 264.7 6 1.7 mV. In a glucose-free solution, diazoxide
hyperpolarized the membrane from 263.1 6 3.3 to 272.2 6 2.8
mV. One explanation of the greater effect of diazoxide in a
glucose-free solution is that in the presence of glucose, the intra-
cellular ATP concentration was high enough to prevent the com-
plete opening of KATP channels by diazoxide (Trube et al., 1986).
In a glucose-free solution, the intracellular ATP concentration
within the cell was reduced to levels at which the KATP channels
could open spontaneously.

To determine whether the effects of diazoxide were caused by
the activation of KATP channels, we examined the effects of
tolbutamide. Bath application of tolbutamide (500 mM) com-

Figure 3. Identification of glucoresponsive
neurons in the guinea pig myenteric plexus. A,
Superfusion of a no-glucose solution (0 glu-
cose) induces a membrane hyperpolarization
in a 2/AH neuron, from an RMP of 253 to
270 mV, that is associated with a decrease in
input resistance (reflected by a decline in the
amplitude of electrotonic potentials). Note the
time breaks in the record indicated by the gaps.
B, Application of glucose elicited a
concentration-dependent change in the RMP
(Vm) and input resistance (Rin) of 2/AH neu-
rons. Data are expressed as changes in the
amplitude (DVm; mV) and percent change
(DRin; %) of the maximum control response
(n 5 6) in the presence of 12.7 mM glucose. C,
The current–voltage relation obtained in the
presence of glucose (12.7 mM; control) and
no-glucose is shown. The mean reversal poten-
tial associated with the increase in conduc-
tance was 283 mV. D, Inhibition of glucose
metabolism by D-mannoheptulose (12 mM)
prevents the repolarization in 2/AH neurons.
RMPs (indicated by the dashed line in D) for
cells were 253 mV ( A) and 261 mV ( D).
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pletely reversed the membrane hyperpolarization and increase in
conductance to prediazoxide levels (n 5 5; Fig. 5C). The inhib-
itory effects of tolbutamide were reversible on washout. These
data are in agreement with that of studies using b-cells (Dunne et

al., 1989) and VMH neurons (Lee et al., 1999) and indicate that
these actions of diazoxide are attributable to the activation of
KATP channels.

Activation of pre- or postsynaptic KATP channels or both could

Figure 4. Glucoresponsive enteric neurons are sen-
sitive to tolbutamide. A, Current-clamp recording
from a 2/AH neuron shows that reducing the glucose
concentration from 12.7 to 0 mM induced hyperpolar-
ization and decreased input resistance. Subsequent
application of tolbutamide (500 mM) reversed these
actions and induced spike activity. B, Superfusion of
tolbutamide (500 mM) in a glucose-containing (12.7
mM) solution induced a membrane depolarization
and spike activity in a 2/AH neuron. C, Summary of
the concentration dependence of tolbutamide-
mediated depolarizations is shown. Data are ex-
pressed as amplitude changes of the maximum control
response (n 5 6). RMPs (dashed line in A) were 255
mV (A) and 272 mV (B).

Figure 5. Diazoxide hyperpolarizes glucoresponsive en-
teric neurons via activation of KATP channels. A, Current-
clamp recording from a 2/AH neuron shows that superfu-
sion of diazoxide (300 mM) for the time indicated resulted in
hyperpolarization of the membrane from 260 to 271 mV
and that the action readily reversed on washout. B, Current–
voltage plot for the currents obtained in the presence of
glucose (12.7 mM; control) and diazoxide is shown. The
mean reversal potential associated with the increase in con-
ductance was 282 mV. C, Summary of the concentration
dependence of diazoxide-mediated hyperpolarizations is
shown. Data are expressed as amplitude changes of the
maximum control response (n 5 6). D, The effects of dia-
zoxide and no-glucose on RMP and input resistance are
reversed by tolbutamide (500 mM). RMPs (dashed lines)
were 260 mV (A) and 266 mV (D).
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potentially account for hyperpolarizing responses to diazoxide.
To examine the locus of diazoxide-induced hyperpolarizations,
we analyzed the response in the presence of TTX or low Ca21/
high Mg21 solutions. Neither TTX (300 nM; n 5 4) nor low
Ca21/high Mg21 (0.1 mM/15.0 mM; n 5 3) solutions significantly
affected hyperpolarizing responses to diazoxide in 2/AH neurons.
In the presence of low Ca21/high Mg21, 2/AH neurons exhibited
Ca21 spikes because these cells contain Ca21-activated K1

channels; however, in the three neurons, diazoxide induced a
significant hyperpolarization from 262.0 6 2.5 mV before dia-
zoxide exposure to 271.7 6 2.7 mV after diazoxide. These data
indicate that the hyperpolarizing response to diazoxide is not
caused by the release of another neurotransmitter but is directly
mediated by diazoxide-responsive channels on the impaled
neuron.

Similar to diazoxide, superfusion of the adipocyte-derived
hormone leptin (10–15 nM) evoked a slow and progressive hyper-
polarization of glucoresponsive 2/AH neurons that resulted in a
new equilibrium 5–15 min after application (Fig. 6A). The mean
RMP of 2/AH neurons before and 15 min after leptin application
was 256.2 6 3.4 and 260.1 6 3.3 mV, respectively, with a mean
peak hyperpolarization of 4.0 6 1.3 mV (n 5 11; p , 0.05). The
leptin-evoked hyperpolarization was accompanied by a decrease
in input resistance of 14.3 6 2.6% (n 5 11). Current–voltage
relations before and after leptin application showed that the
conductance increase had a reversal potential of 285 mV, indi-
cating an increase in potassium current (Fig. 6C). This was caused
by the opening of KATP channels as tolbutamide (500 mM) re-

versed the effects of this hormone, inducing depolarization and
an increased input resistance (Fig. 6B). In the presence of tolbu-
tamide and leptin, glucoresponsive neurons often reached thresh-
old for action potential firing. Removal of tolbutamide allowed
the leptin response to reemerge, even though the leptin was also
washed out of the bath. In nonglucoresponsive neurons (that is,
neurons insensitive to a reduction of extracellular glucose con-
centration), leptin (10–100 nM) had no effect on RMP (n 5 4) or
induced a 2–8 mV depolarization (in nine neurons). A depolar-
izing response to leptin has been observed in neurons of the
paraventricular nucleus of the hypothalamus and appears to be
caused by the activation of a nonspecific cation channel (Powis et
al., 1998). The mechanism underlying the response in the gut
remains to be determined.

Glucoresponsive enteric neurons express
leptin receptors
To confirm that glucoresponsive enteric neurons express leptin
receptors, we examined the distribution of LepR immunoreactiv-
ity in the guinea pig ENS. After experiments in which the effects
of leptin (and no-glucose) on the electrical properties of myen-
teric neurons were studied, impaled neurons were marked by
injection of Neurobiotin to ascertain whether the cell from which
recordings were obtained actually expressed leptin receptors.
Neurons that responded to leptin with a hyperpolarizing response
(marked by the intracellular injection of Neurobiotin) displayed
LepR immunoreactivity (Fig. 7A,B).

As observed in the CNS (Diano et al., 1998; Hakansson et al.,

Figure 6. Leptin hyperpolarizes glucoresponsive
enteric neurons via activation of KATP channels. A,
Current-clamp recording from a 2/AH neuron shows
that superfusion of leptin (20 nM) for the time indi-
cated resulted in hyperpolarization of the membrane
from 246 to 255 mV and that the action slowly
reversed as leptin was washed out of the bath. B, The
effects of leptin are reversed by tolbutamide (500
mM). C, Current–voltage plot for the currents ob-
tained in the presence of glucose (12.7 mM; control)
and leptin is shown. The mean reversal potential
associated with the increase in conductance was 285
mV. RMPs (dashed lines) were 246 mV (A) and
250 mV (B).
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1998), LepR immunoreactivity in permeabilized whole-mount
preparations of enteric neurons appeared to be primarily associ-
ated with the Golgi apparatus, suggesting a high level of leptin
receptor synthesis (Fig. 7C). All NPY- and ChAT-immuno-
reactive submucosal neurons displayed LepR immunoreactivity
(Fig. 7D), and numerous NPY-immunoreactive boutons were in
close apposition to the perikaryal membrane of myenteric neu-
rons that contained LepR (Fig. 7E). Together, these data indicate
that both NPY-producing cells and the postsynaptic targets of
NPY axons express LepR. All calbindin-immunoreactive neu-
rons displayed LepR immunoreactivity (Fig. 7F), supporting our
data that leptin affects the activity of 2/AH neurons (see above).
LepR immunoreactivity was also displayed by both Kir6.2 (Fig.
7G)- and SUR1 (Fig. 7H)-immunoreactive neurons, providing
further support for the idea that a subset of enteric neurons may
be able to monitor fat and glucose stores.

LepR immunoreactivity was also found on structures located
outside of enteric ganglia. Within the ileum, punctate LepR im-
munoreactivity was displayed by nerve fibers in the circular muscle
layer (Fig. 7I) and on cells identified as interstitial cells of Cajal, by
virtue of their expression of c-Kit immunoreactivity (Fig. 7I, inset).
Furthermore, endocrine cells in the intestinal mucosa displayed
LepR immunoreactivity. Because these cells were found to contain
5-HT and/or CCK (Fig. 7J,K), they are probably enteroendocrine
cells. Endocrine cells in the guinea pig pancreas displayed LepR

immunoreactivity (Fig. 7L). In fact, all insulin-immunoreactive
islet cells expressed LepR, similar to rats.

Diazoxide inhibits fast synaptic transmission
Because both hypoglycemia and diazoxide have been shown to
inhibit electrically induced contractions of the guinea pig small
intestine (Zini et al., 1991; Corbett and Lees, 1997), mediated, at
least in part, via the inhibition of acetylcholine (ACh) release,
experiments were conducted to determine whether diazoxide
affected fast EPSPs in enteric neurons. The majority of neurons
in guinea pig myenteric ganglia exhibit nicotinic fast EPSPs in
response to stimulation of interganglionic nerve bundles (Galli-
gan and Bertrand, 1994; Liu et al., 1997). Data were obtained
from 1/S neurons, because these cells were observed to exhibit
fast EPSPs with the highest frequency.

Fast synaptic events were evoked by stimulating interganglionic
nerve bundles (0.2 Hz; 0.5 msec; 1–10 V) with the cell current
clamped to 290 mV by injection of negative direct current (Liu et
al., 1997). After obtaining a fast EPSP, diazoxide (300 mM) was
superfused (10 min), and the response was again elicited. Dia-
zoxide caused a 26.4 6 5.2% reduction in the fast EPSP ampli-
tude (control, 14.8 6 1.3 mV; diazoxide, 11.1 6 1.4 mV; p , 0.05;
n 5 6; Fig. 8A). The amplitude of fast EPSPs was also significantly
reduced by the nicotinic antagonist hexamethonium (100 mM; to
15.0 6 9% of control; n 5 5), indicating that the response was

Figure 7. Distribution of leptin recep-
tor immunoreactivity in the guinea pig
ileum. A, B, Leptin-responsive enteric
neurons display leptin receptor immuno-
reactivity. A leptin-responsive 2/AH
neuron was marked by intracellular injec-
tion of Neurobiotin (A; arrow). The
leptin-responsive 2/AH neuron displays
leptin receptor immunoreactivity (B; ar-
row). Neurobiotin was visualized with
avidin-Cy3 (red). Leptin receptor immu-
noreactivity was visualized with FITC
( green). C, Leptin receptor immunoreac-
tivity ( green) appears to be localized to
the Golgi complex of CBP-immuno-
reactive myenteric neurons (red; arrow).
D–F, Leptin receptor immunoreactivity
( green) is displayed by NPY-immuno-
reactive submucosal neurons (D; red) and
CBP-immunoreactive myenteric neurons
(F; red). NPY-immunoreactive nerve fi-
bers (red) encircle myenteric neurons
that express leptin receptors (E; green).
G, H, Leptin receptor immunoreactivity
( green) is expressed by all Kir6.2 (G)-
and SUR1 (H )-immunoreactive neurons
in the submucosal plexus; however, more
neurons express leptin receptor immuno-
reactivity than KATP channels. I, Leptin
receptor immunoreactivity ( green) is
found on nerve fibers in the circular mus-
cle layer and in the region of the deep
muscular plexus (inset). In the latter re-
gion, immunoreactivity appears to be as-
sociated with the interstitial cells of Ca-
jal. J–L, Leptin receptor immunoreact-
ivity (J; green) is displayed by CCK-
containing enteroendocrine cells in the
mucosa (K; red) and islet cells (L) that
coexpress insulin (red; L, inset). A–L are
confocal images. Scale bars: A–F, 30 mm;
G–L, 10 mm.
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mediated by the release of ACh. To determine whether diazoxide
was acting presynaptically to suppress the fast EPSP, we tested
the effect of diazoxide on the responsiveness of 2/AH neurons to
microejection of nicotine (1 mM). The responsiveness of neurons
to nicotine was not significantly altered by diazoxide (control,
9.2 6 1.5 mV; diazoxide, 8.3 6 2.1 mV; n 5 4); therefore,
diazoxide probably acts presynaptically to suppress nicotinic fast
synaptic transmission.

Diazoxide inhibits colonic motility
If activation of presynaptic KATP channels by diazoxide inhibits
the release of ACh, as the above observations imply, then dia-
zoxide should interfere with the peristaltic reflex because it is
dependent, at least in part, on nicotinic pathways (Foxx-Orenstein
and Grider, 1996; Wade et al., 1996). The effects of diazoxide on
the reflex-initiated rate of propulsion of an artificial fecal pellet in
the guinea pig distal colon were therefore determined to test this
hypothesis.

As observed previously (Foxx-Orenstein and Grider, 1996;
Wade et al., 1996), the rate of propulsion of artificial fecal pellets
was constant for segments obtained from the same colon. Incu-
bation of colonic segments with TTX (0.5 mM; n 5 4) abolished
the reflex, indicating that it was nerve-mediated (data not shown).
In addition, the reflex was also inhibited by incubation with
diazoxide (Fig. 8B). Incubation of the segments for 10 min with
diazoxide (0.3–300 mM) caused a concentration-dependent inhi-
bition of the rate of propulsion. Propulsion was abolished by 300
mM. The observation that diazoxide abolishes reflex-driven pro-
pulsion indicates that enteric KATP channels are functional and
that activation of these channels inhibits motility.

DISCUSSION
The aim of this study was to determine whether the ENS contains
neurons that are sensitive to glucose. Intracellular recordings
revealed that a subset of neurons in the guinea pig myenteric
plexus responds to changes in extracellular glucose concentration
with an alteration in electrical behavior. Two kinds of glucose-
receptive neurons were identified. Glucoresponsive neurons were
excited by increases in extracellular glucose. Removal of extra-
cellular glucose resulted in hyperpolarization of these cells, which
was accompanied by a decrease in input resistance and the
inhibition of spontaneous firing. Glucosensitive neurons were
excited by decreases in extracellular glucose. They represented
approximately half of the myenteric neurons that responded to
changes in the extracellular glucose concentration.

Glucoresponsive and glucosensitive neurons are found in the
VMH and lateral hypothalamus (LH) (Oomura et al., 1974),
respectively. In general, manipulations of the VMH and LH
produce opposite effects on food intake and autonomic function.
The LH region is a source of output signals that instruct the
animal to eat and release insulin. As a meal progresses, the VMH
sends out satiety signals that generally inhibit these parasympa-
thetic functions (Leibowitz and Hoebel, 1998). The demonstra-
tion of two types of glucose-receptive neurons in the ENS sug-
gests that they too may play opposite roles in the regulation of gut
function. Increases in extracellular glucose concentration would
preferentially excite glucoresponsive neurons and inhibit glu-
cosensitive cells. This would result in the selective activation of
specific microcircuits during periods of hyperglycemia.

The change in resting membrane potential and input resistance
of glucoresponsive neurons in response to alterations in extracel-
lular glucose level was concentration dependent. In the presence
of low glucose (0.0–5.0 mM), the cells were hyperpolarized, and
spontaneous spike activity disappeared. As the concentration of
glucose was increased, the neurons became depolarized, and
spontaneous spike activity reappeared. Thus, the excitability of
glucoresponsive neurons is determined by the extracellular glu-
cose concentration. This may explain why acute changes in the
blood glucose concentration have a substantial effect on gastro-
intestinal motor reflexes (MacGregor et al., 1976) and visceral
sensation (Lingenfelser et al., 1999). Although it has been as-
sumed that the gastrointestinal motor symptoms and alterations
in gut sensations observed in patients with diabetes mellitus were
part of a generalized autonomic neuropathy, they may actually be
produced by changes in the activity of enteric neurons. By directly
affecting the excitability of enteric neurons, changes in blood
glucose concentration could modulate gut motility, secretion,
and/or sensory transduction.

The hyperpolarization of glucoresponsive neurons evoked by
low glucose involved the activation of a K1 conductance because
it was associated with a decrease in neuronal input resistance, and
the reversal potential correlated with EK. Because the sulfonyl-
urea tolbutamide completely reversed the hyperpolarization
evoked by removal of glucose, the response is likely to involve the
activation of KATP channels. A tolbutamide-sensitive hyperpolar-
ization and increase in K1 conductance were produced by appli-
cation of diazoxide and the ob gene product leptin. Both diazox-
ide and leptin activate KATP channels in VMH neurons
(Spanswick et al., 1997; Lee et al., 1999) and CRI-G1 insulin-
secreting cells (Harvey et al., 1997; Harvey and Ashford, 1998b),
although the mechanism underlying their actions appears to
differ. Diazoxide is likely to act directly on SUR1, which acts as a

Figure 8. Diazoxide inhibits fast synaptic transmission and colonic mo-
tility. A, Fast EPSPs in 1/S neurons were elicited by fiber tract stimulation
before (Control ) and during diazoxide superfusion and after washout
(Wash) of the KATP channel opener. The amplitude of the fast EPSP was
significantly reduced by the application of diazoxide in all cells studied.
RMP was 280 mV. B, Diazoxide dose dependently inhibits the propul-
sion of an artificial fecal pellet in the isolated guinea pig colon.
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regulator of channel activity. Leptin activation of KATP channels
appears to involve inhibition of tyrosine kinases and subsequent
dephosphorylation of as yet unidentified proteins (Harvey and
Ashford, 1998a). Glucoresponsive enteric neurons displayed lep-
tin receptor immunoreactivity, suggesting sensitivity to fat stores.
There is increasing evidence that a feedback loop exists between
adipose tissue and the excitability of glucose-sensitive cells (Mi-
zuno et al., 1996). Thus, the ENS is a potential target of leptin’s
action.

The subunit composition of a KATP channel determines the
conductance, the blocking potency of ATP, and the pharmaco-
logical profile of the channel. Thus, KATP channels of b-cells,
which are composed of Kir6.2 and SUR1 subunits (Inagaki et al.,
1995a), are sensitive to ATP, diazoxide, and tolbutamide,
whereas KATP channels of heart and skeletal muscle, which are
composed of Kir6.2 and SUR2A, are sensitive to ATP, pinacidil,
and glibenclamide, but not to diazoxide (Inagaki et al., 1996;
Seino, 1999). Glucoresponsive neurons in the ENS are sensitive
to both tolbutamide and diazoxide. Furthermore, a decrease in
[ATP]i probably activates enteric KATP channels, because a hy-
perpolarization was produced by the metabolic inhibitor sodium
azide. Thus, it is reasonable to propose that the KATP channels in
enteric neurons are a complex composed of Kir6.2 and SUR1. In
support of this hypothesis, a subset of enteric neurons displayed
Kir6.2 and SUR1 immunoreactivity.

Kir6.2- and SUR1-immunoreactive neurons costored ChAT,
and a subset also contained SP and calbindin immunoreactivities.
The submucosal SP- and ChAT- and SP-, ChAT-, and calbindin-
immunoreactive neurons, which also contain glutamate (Liu et
al., 1997), are thought to be primary afferent neurons that carry
information from the intestinal lumen to submucosal and myen-
teric ganglia (Kirchgessner et al., 1992). Although these neurons
constitute only a small subset (;10%) of the neurons in the
submucosal plexus, they are critical for orchestrating the coordi-
nation of motility and secretion (Cooke, 1998) and are essential
for the initiation of peristaltic activity (Gershon et al., 1994). The
myenteric ChAT- and calbindin-immunoreactive neurons are
also thought to be primary afferent neurons (Furness et al., 1998),
because the projections of this type of cell are compatible with
such a role and the neurons are activated by chemical stimulation
of the mucosa (Bertrand et al., 1997).

The expression of KATP channel proteins by intrinsic primary
afferent neurons suggests that KATP channels may play a role in
sensory transduction. Activation of KATP channels has been
shown to inhibit the release of SP from extrinsic sensory nerve
endings (Ohkubo and Shibata, 1995). KATP channels are found in
the mucosa; therefore, it is possible that glucose excites primary
afferent neurons by closing KATP channels located on nerve
terminals within the lamina propria. This would depolarize the
cell and cause the stimulation of second-order neurons in the
submucosal and/or myenteric plexus that control secretion and/or
motility. It is also possible that KATP channels are present on
extrinsic afferents; however, whether or not these channels are
present in dorsal root and/or nodose ganglion neurons merits
further investigation.

In addition to postsynaptic KATP channels, it also appears likely
that enteric neurons contain presynaptic KATP channels that are
responsible for the inhibition of fast EPSPs. It has been suggested
previously that the gut contains presynaptic KATP channels (Zini
et al., 1991) and that activation of these channels inhibits the
release of ACh and decreases contraction of the smooth muscle.
KATP channel-like immunoreactivity was displayed by ChAT-

immunoreactive nerve fibers in the circular muscle layer; there-
fore, KATP channels appear to be present on cholinergic nerve
terminals in the muscle. The decrease in ACh release produced
by activation of presynaptic KATP channels may explain the
inhibition in colonic motility produced by diazoxide. The peri-
staltic reflex depends on cholinergic transmission (Kadowaki et
al., 1996); therefore, drugs that inhibit the release of ACh are
likely to affect motility.

The presence of KATP channels in the ENS has several impor-
tant implications. Mutations in SUR1 result in persistent hyper-
insulinemic hypoglycemia of infancy (PHHI), a disease associ-
ated with unregulated insulin secretion (Thomas et al., 1995)
attributable to a loss of KATP channel activity in b-cells (Dunne
et al., 1995). Patients with PHHI commonly suffer from debilitat-
ing gastrointestinal side effects (Aynsley-Green and Hawdon,
1997) of unknown etiology. The presence of SUR1 in the ENS
suggests that mutations in this receptor are likely to result in a
loss of KATP channel activity in enteric neurons. This would be
expected to depolarize the cell chronically, an effect that could
produce excitotoxicity (Kirchgessner et al., 1997). It is also well
established that KATP channels are activated in abnormal situa-
tions such as anoxia and ischemia, when cellular ATP concentra-
tions decline. Intestinal ischemia is common in inflammatory
bowel disease, especially Crohn’s disease, which probably results
from multifocal intestinal infarction (Pounder, 1994). There is
evidence that ischemia depresses neuroeffector transmission in
the gut (Corbett and Lees, 1997). The defects caused by ischemia
could be produced by changes in neuronal activity via the mod-
ulation of neuronal KATP channel activity. The development of
drugs that could preferentially target either pre- or postsynaptic
KATP channels in the ENS would be of tremendous value in
elucidating the functions of these channels in gut physiology.

In summary, we have identified neurons in the ENS that appear
to sense changes in extracellular glucose levels via KATP channel
activity. We propose that the pharmacological and molecular
biological properties of this channel are essentially the same as
those found for the KATP channel complex in the pancreatic
b-cell. In future studies it will be important to examine the
physiological and pathophysiological modulation of this channel
complex.
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