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Interstitial Cells of Cajal Mediate Cholinergic Neurotransmission

from Enteric Motor Neurons
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Interstitial cells of Cajal (ICC) are interposed between enteric
neurons and smooth muscle cells in gastrointestinal muscles.
The role of intramuscular ICC (IC-IM) in mediating enteric ex-
citatory neural inputs was studied using gastric fundus muscles
of wild-type animals and W/W" mutant mice, which lack IC-IM.
Excitatory motor neurons, labeled with antibodies to vesicular
acetylcholine transporter or substance-P, were closely associ-
ated with IC-IM. Immunocytochemistry showed close contacts
between enteric neurons and IC-IM. IC-IM also formed gap
junctions with smooth muscle cells. Electrical field stimulation
yielded fast excitatory junction potentials in the smooth muscle
that were blocked by atropine. Neural responses were greatly
reduced in muscles of W/W" animals. Loss of cholinergic re-
sponses in W/W"Y muscles seemed to be caused by the loss of
close synaptic contacts between motor neurons and IC-IM,
because these muscles were not less responsive to exogenous
acetylcholine than were wild-type muscles. W/WY muscles also

responded to excitatory nerve stimulation when the breakdown
of acetylcholine was blocked by neostigmine. The density of
cholinergic nerve bundles within the muscles was not signifi-
cantly different in wild-type and W/W" muscles, and similar
amounts of '¥[C]choline were released from preloaded wild-
type and W/W" muscles in response to nerve stimulation. The
impact of losing IC-IM on gastric compliance was also evalu-
ated in intact stomachs. Pressure increased as a function of
fluid volume and infusion rate in wild-type animals, but W/W"Y
animals showed little basal tone and minimal increases in pres-
sure with fluid infusions. These data suggest that IC-IM play a
major role in receiving cholinergic excitatory inputs from the
enteric nervous system in the murine fundus.
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Enteric neurons that contain acetylcholine (ACh) and tachyki-
nins provide excitatory motor input to the gastrointestinal (GI)
tract. Most of these neurons have cell bodies within the myenteric
plexus and send varicose processes into the tunica muscularis
where it is thought that they release transmitter within tens of
nanometers of target cells. Ultrastructural studies of neural pro-
jections to the longitudinal muscle of the guinea pig ileum from
nerves of the tertiary plexus showed close associations between
varicosities and longitudinal muscle cells, and three-dimensional
reconstructions demonstrate neuromuscular-like structures (KI-
emm, 1995). In the deep muscular plexus of the guinea pig small
intestine, however, many motor neurons, inhibitory and excita-
tory, form close associations with interstitial cells of Cajal (ICC)
(Wang et al., 1999), suggesting that ICC may be involved in the
mediation of neurotransmission (Ramon y Cajal, 1911; Daniel
and Posey-Daniel, 1984; Sanders, 1996).

ICC express c-kit and depend on signaling via Kit receptors for
development and maintenance of phenotype (Maeda et al., 1992;
Ward et al., 1994; Torihashi et al., 1995). Kit expression has
provided an important means of identifying ICC and understand-
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ing the anatomical distribution of ICC in GI muscles. Blockade of
Kit receptors (Torihashi et al., 1995, 1999; Ward et al., 1997;
Ordog et al., 1999) and use of c-kit mutant animals (Ward et al.,
1994; Huizinga et al., 1995; Burns et al., 1996) have proven to be
valuable experimental manipulations to determine the physiolog-
ical role of ICC. For example, animals that lack intramuscular
ICC have profoundly reduced enteric inhibitory responses, sup-
porting a role for ICC in neurotransmission (Burns et al., 1996;
Ward et al., 1998).

Recent morphological studies have also documented important
anatomical associations between ICC and excitatory motor neu-
rons. Excitatory motor neurons in the deep muscular plexus of
the guinea pig small intestine (IC-DMP) appear to be as closely
aligned with IC-DMP as inhibitory motor neurons (Wang et al.,
1999). IC-DMP also express neurokinin 1 (NKI1) receptors for
tachykinins (Sternini et al., 1995; Grady et al., 1996; Portbury et
al., 1996; Young et al., 1996; Vannucchi et al., 1997), and when
stimulated with fluorescently tagged substance-P, IC-DMP inter-
nalize NKI1 receptors (Lavin et al., 1998). Thus, these cells
express the structural and molecular components that would
facilitate a role in excitatory neurotransmission. In the present
study we have explored the morphological relationship between
excitatory motor neurons and intramuscular ICC (IC-IM) in the
murine fundus. Using Kit mutant animals that lack IC-IM, we
have tested the importance of these cells in cholinergic motor
inputs to the proximal stomach. We have also found that lesions
in IC-IM cause dramatic changes in gastric compliance that could
be analogous to some clinical disorders of gastric motility.
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Table 1. Details of antibodies used for immunohistochemistry

Monoclonal or polyclonal

Combined antibodies (fixative) Resource antibodies Host Dilution
ACK2/anti-NOS (acetone fixed) Life Technologies, Gaithersburg, MD/Dr. Monoclonal/polyclonal Rat/sheep 1:200/1:200
Piers Emson, Molecular Neuroscience
Group, Cambridge, UK
ACK2/anti-vAChT (acetone fixed) Life Technologies/Chemicon, Temecula, CA Monoclonal/polyclonal Rat/goat 1:200/1:200
Anti-VIM/anti-Sub-P (paraformal- Polysciences, Warrington, PA/Incstar, Still- Polyclonal /polyclonal Goat/rabbit 1:100/1:200

dehyde fixed) water, MN

ACK2, Anti-c-Kit; NOS, nitric oxide synthase; Sub-P, substance-P; vVAChT, vesicular acetylcholine transporter; VIM, vimentin.

MATERIALS AND METHODS

Animals

Heterozygote animals (W/+) and (W"/+) were obtained from The Jack-
son Laboratory (Bar Harbor, ME) and paired to obtain +/+, W/+,
WY+, WIWY, and WY/W" offspring. Wild-type (+/+; black coats) and
W/W" (pure white coats) mice, between the ages of 20 and 30 d postpar-
tum, were anesthetized by chloroform inhalation and exsanguinated by
cervical dislocation followed by decapitation. The use and treatment of
animals were approved by the Institutional Animal Use and Care Com-
mittee at the University of Nevada.

The entire stomach, including portions of the esophagus and duode-
num, was removed and placed in Krebs—Ringer buffer (KRB, see below
for composition). For electrophysiological and isometric force measure-
ments, stomachs were opened along the lesser curvature from the most
proximal regions of the fundus through to the corpus. Luminal contents
were washed with KRB, and the mucosa was removed, revealing the
underlying circular muscle layer of the gastric fundus.

Morphological studies

Immunohistochemistry. Whole-mount tissues of the gastric fundus from
wild-type and W/W" animals were fixed in either acetone (10 min at 4°C)
or paraformaldehyde (4% w/v in 0.1 m PBS for 20 min at 4°C). After
fixation, tissues were preincubated in bovine serum albumin for 1 hr (1%
in PBS) before being incubated in a combination of primary antibodies
(see Table 1). Tissues were incubated overnight at 4°C in primary
antibodies. For double-label immunostaining, the first incubation was
performed for 48 hr at 4°C with a mixture of two primary antisera raised
in different species. The three combinations of antibodies used were rat
and sheep, rat and goat, and goat and rabbit (see Table 1). For antibody
combinations, the mixtures of labeled secondary antibodies were labeled
with fluorescein isothiocyanate (FITC) and Texas Red. All secondary
antibodies were purchased from Vector Laboratories (Burlingame, CA)
and diluted to 1:100 in PBS. Secondary incubations were performed for
1 hr at room temperature. Control tissues were prepared by omitting
either primary or secondary antibodies from the incubation solutions. All
the antisera were diluted with 0.3% Triton X-100 in 0.01 m PBS, pH 7.4.
Tissues were examined with a Bio-Rad MRC 600 confocal microscope
(Hercules, CA) with an excitation wavelength appropriate for FITC (494
nm) and Texas Red (595 nm). Confocal micrographs are digital compos-
ites of Z-series scans of 10-15 optical sections through a depth of 6-40
pm. Final images were constructed with Bio-Rad Comos software.
Immunocytochemistry. Gastric tissues were prepared for immunocyto-
chemistry by fixation in paraformaldehyde (4% w/v), glutaraldehyde
(0.05% v/v), and picric acid (0.2% v/v) made up in 0.1 M phosphate buffer
(PB) at pH 7.4 for 45 min at room temperature (Somogyi and Takagi,
1982). After a brief rinse in 0.1 M PB, tissues were washed at room
temperature in several changes of 50% ethanol in distilled water until the
picric acid staining of the tissue had disappeared (~20-30 min). The
tissue was then washed in 0.1 M PB and incubated in 0.1% NaCNBH;
(Aldrich, Milwaukee, WI) in 0.1 m PB for 30 min at room temperature.
After washing in PB several times, the tunica muscularis was peeled from
the remaining gut wall and cut into pieces ~3 X 3 mm. After nonspecific
binding was blocked with BSA (1%) for 1 hr at room temperature, the
tissues were incubated overnight at room temperature in anti-vesicular
acetylcholine transporter (anti-vAChT; 1:400) and anti-nitric oxide syn-
thase (anti-NOS; 1:400) primary antisera. On the second day, after
washing in PBS several times, secondary immunoreactions were per-
formed with the Vectastain ABC kit (PK-4001; Vector Laboratories)
using 3,3'-diaminobenzidine (DAB; 0.05% plus 0.01% H,O, in 0.05 M

Tris-buffered saline, pH 7.6) as a peroxidase substrate. Tissues were
continuously checked under the light microscope for a suitable reaction,
before being post-fixed in 1% osmium tetroxide in 0.1 M PB, pH 7.4,
stained en bloc with 2% aqueous uranyl acetate for 30—40 min, dehy-
drated, infiltrated, and embedded in Medcast resin (Electron Microscopy
Sciences, Fort Washington, PA). Ultrathin sections were cut parallel to
the circular muscle layer and stained with lead citrate for 10 min before
viewing with a Philips CM10 transmission electron microscope.

Physiological studies

Electrical responses. After the mucosa was removed, strips of gastric
fundus muscle (6 X 5 mm) were cut and pinned to the Sylgard elastomere
(Dow Corning) floor of a recording chamber with the mucosal side of the
circular muscle facing upward. For electrical field stimulation of motor
nerves, parallel platinum electrodes were placed on either side of the
muscle strips. Circular muscle cells were impaled with glass microelec-
trodes filled with 3 M KCI and having resistances of 50-80 M(). Trans-
membrane potentials were measured with a high-impedance electrome-
ter [World Precision Instruments (WPI) duo 773; WPI, Sarasota, FL],
and outputs were displayed on a Tektronix 2224 oscilloscope (Wilson-
ville, OR). Electrical signals were recorded on videotape (A. R. Vetter
Company, Rebersburg, PA). Neural responses were elicited by square
wave pulses of electrical field stimulation (0.1-0.75 msec duration; 1-100
Hz supramaximal voltage; Grass S48 stimulator; Quincy, MA).

Mechanical responses. Separate mechanical experiments were per-
formed using standard organ-bath techniques. The mucosa was removed
from the gastric fundus by sharp dissection, and strips of muscle (~6 X
1.5 mm) were isolated and attached to a fixed mount and to a Fort 10
isometric strain gauge (WPI). The muscles were immersed in organ
baths maintained at 37 = 0.5°C with oxygenated KRB. A resting force of
300 mg was applied, which was shown to set the muscles at optimum
length (data not shown). This was followed by an equilibration period of
1 hr, during which time the bath was continuously perfused with oxy-
genated KRB. Neural responses were recorded as described under elec-
trical responses. Signals were recorded onto a chart recorder (Gould RS
3600; Cleveland, OH).

Whole-organ experiments. Whole-organ experiments were performed
to examine the differences in gastric compliance of wild-type and W/W"
mutant animals. Animals had food removed ~4 hr before experiments
were initiated to deplete gastric contents; access to water was not re-
stricted. Stomachs with esophagus and proximal duodenum attached
were isolated from age-matched wild-type and W/WY animals. Each
stomach had a single lined polyethylene tubing that was placed through
the lower esophageal sphincter and the pylorus and that was tied to the
muscle wall at both ends with suture thread to avoid fluid leakage. A
1-mm-diameter hole was placed in the tube before insertion and was
situated approximately at the level of the fundus. At one end of the tube
a pressure transducer was mounted, and the other end was connected to
a variable-rate infusion pump. A standard volume (200 ul) of Krebs’
solution was infused into the stomachs at different rates (1.01-20.28 ul
sec "), and gastric pressure (centimeters of H,O) was plotted as a
function of infusion volume for each of five different infusion rates
(average of three infusions for each rate). Gastric pressure was recorded
under control conditions and after the addition of Nw-nitro-L-arginine
(L-NA) (100 pm) and atropine (1 um) for both wild-type and W/WY
animals.

Transmitter release studies. For each experiment, three gastric fundi
from wild-type and W/W" animals were prepared in a manner similar to
that described for the electrophysiological studies. Tissues were secured
between platinum plate electrodes and incubated at 37°C in modified
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Krebs’ solution of the following composition (in mm): NaCl 110, KCl1 4.6,
CaCl, 2.5, NaHCO; 24.8, KH,PO, 1.2, MgSO, 1.2, glucose 11, EDTA
0.03, and ascorbic acid 0.06, containing [ "*C]choline chloride (1 wCi/ml),
for 40 min in which tissues were continuously stimulated with electrical
field stimulation (EFS; 1 msec pulses at 1 Hz). Tissues were then placed
into 300 ul perfusion chambers and superfused with Krebs’ solution
containing hemicholinium-3 (10 mMm) at 37°C for 90 min (2 ml/min).
After 55 min of washing, the tissues were electrically stimulated (5 Hz;
0.1 msec) for 1 min (S,), because preliminary experiments had demon-
strated that the first stimulus evoked a very high overflow of [ *C]ACh
compared with that seen with subsequent stimuli. After this washing
period, the superfusate was collected for 175 min at 1 min intervals in 7
ml scintillation vials. The tissues were then stimulated at 40 min intervals
(S5, 95th minute; S5, 135th minute; S,, 175th minute; S5, 215th minute)
for 1 min (5 Hz; 0.1-msec-duration pulses). In experiments in which the
effects of L-NA, atropine, neostigmine, hexamethonium, and tetrodo-
toxin were examined, the drugs were allowed to equilibrate in the bathing
medium for 20 min before stimulation. The 2 ml samples of Krebs’
solution were made up to 7 ml with Ecolume scintillant (ICN Biomedi-
cals, Cleveland, OH) before being counted twice in a Beckman
LS60001C scintillation counter for 3 min; results were then averaged.
The tissues were transferred to scintillation vials, solubilized overnight in
1 ml of 10% NaOH, neutralized with HCI, and buffered with HEPES
before counting. Overflow of '*C was calculated as a fractional release
from the tissue. This technique has been used to study the release of ACh
from a variety of neuroeffector preparations such as guinea pig GI tissues
(Alberts et al., 1982).

Data are expressed as means = SEM from wild-type and W/W" mutant
animals. Differences in the data were evaluated by Student’s ¢ test; p
values <0.05 were taken as statistically significant. The n values reported
in the text refer to the number of animals used for each protocol.

A total of 40 wild-type and 30 W/W" animals were used for physiolog-
ical experiments, 16 wild-type and 8 W/W" animals were used for mor-
phological studies, and 15 wild-type and 15 W/W" animals were used for
transmitter release studies (i.e., five transmitter release experiments were
performed using tissues from 3 wild-type and 3 W/W" animals per
experiment).

Solutions and drugs. Muscles were maintained in KRB (37.5 = 0.5°C),
pH 7.3-7.4, containing (in mm): Na* 137.4, K* 5.9, Ca®" 2.5, Mg " 1.2,
Cl™ 134, HCO; ™ 15.5, H,PO, ™ 1.2, and dextrose 11.5, bubbled with
97% O, and 3% CO,. Acetylcholine, neostigmine bromide, atropine
sulfate, tetrodotoxin, and L-NA (Sigma, St. Louis, MO) were dissolved in
distilled water at 0.1-0.01 M and diluted in KRB to the stated final
concentrations.

RESULTS

Morphological relationships between enteric motor
neurons and IC-IM of the fundus
Anti-c-Kit (ACK2) and vimentin antibodies were used to exam-
ine the distribution of interstitial cells of Cajal in the murine
gastric fundus. Spindle-shaped, Kit-immunopositive cells were
observed within the circular and longitudinal layers running par-
allel to the muscle fibers (Fig. 14-C). Previous studies have
shown that cells with this morphology in the murine fundus are
IC-IM (Burns et al., 1996). IC-IM were absent in gastric fundus
muscles of W/W" mutants (Fig. 1D-F) (Burns et al., 1996). The
relationship between enteric motor nerves and IC-IM was inves-
tigated in immunohistochemical studies using double labeling
with an antibody to Kit (ACK2) and antibodies to either the
vAChT, Sub-P, or NOS.

vAChT-like immunoreactivity revealed a dense network of
nerve bundles within the circular and longitudinal muscle layers
(Fig. 14; 5.7 = 2.0 bundles per 100 wm cross section perpendic-
ular to the axis of the circular muscle). Double labeling for vAChT
and Kit revealed that nerve bundles containing vAChT-positive
fibers were closely associated with IC-IM (Fig. 14). Sub-P-
immunopositive nerve cell bodies were observed at the level of the
myenteric plexus, and immunopositive nerve bundles were ob-
served running within both muscle layers (e.g., 5.18 = 2.8 bundles
per random 100 wm transecting line within the circular muscle
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D. Kit-LI & vAChT-LI

E. Vim-LI & Sub-P-LI

F. Kit-LI'& NOS-LI

Figure 1. Distribution of ICC and enteric nerves in the murine gastric
fundus of wild type (A-C) and W/W" mutants (D-F). Kit-like immuno-
reactivity (Kit-LI; A, C; green) and vimentin-like immunoreactivity (Vim-
LI; B; green) reveal IC-IM (arrows) within the circular muscle layer
(single optical section 0.6 um thick in z-axis). Double-labeling immuno-
histochemical experiments using antibodies for the vesicular acetylcholine
transporter (vAChT-LI; A; red) and substance-P (Sub-P-LI; B; red) iden-
tify processes within the circular muscle (arrowheads) of enteric excitatory
neurons. Nitric oxide synthase-like immunoreactivity (NOS-LI; C; red)
identifies processes of inhibitory motor neurons within the circular muscle
layer. Note the close apposition of IC-IM with varicose terminals of
excitatory and inhibitory neurons. Individual nerve processes are associ-
ated with multiple IC-IM (asterisk). Excitatory and inhibitory neurons
(arrowheads) within the gastric fundus of W/W" mutants appeared normal
(as labeled in D—F; red), but these tissues lacked IC-IM (note absence of
green-labeled cells). Scale bar in F applies to all panels.
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Figure 2. A, D, IC-IM and smooth muscle cells are of similar spindle-like shape in the circular muscle layer of the fundus. These cells have distinct
ultrastructural features. IC-IM (ic) contain numerous mitochondria (), smooth and rough endoplasmic reticulum, dense heterochromatic nuclei, and
few myofilaments and dense bodies. Smooth muscle with typical ultrastructural features surrounds the IC-IM. IC-IM and enteric neurons with vVAChT-LI
form intimate contacts as revealed by immunoelectron microscopy. B, An IC-IM within the circular muscle layer (cm) is shown. Areas of close,
synaptic-like structures (arrow) exist between vAChT-containing nerve terminals (asterisks) and IC-IM. C, The region denoted by the arrow in B is shown

in higher power.

layer; p > 0.05 when compared with vVAChT-like-immunoreactive
bundles in the circular layer). Sub-P-immunoreactive nerve bun-
dles were also seen in very close association with IC-IM (Fig. 1B)
in both muscle layers and similar to vAChT-containing nerves;
individual Sub-P-like-immunoreactive bundles were associated
with several IC-IM.

Double-labeling experiments with NOS and Kit antibodies
showed that the close morphological association between enteric
nerves and IC-IM was not limited to excitatory neurons. The
inhibitory motor neurons were also found in close association
with IC-IM (Fig. 1C).

Similar double-labeling experiments were performed on fun-
dus muscles from W/W" mutants. These experiments revealed no
significant differences in the distribution of excitatory and inhib-
itory nerve bundles within the circular and longitudinal muscle
layers. For example, the numbers of vVAChT, Sub-P, and NOS
nerve bundles per 100 wm cross section perpendicular to the
circular muscle layer of W/W" mutants were 5.7 = 2.0, 5.18 = 2.8,
and 5.44 = 1.9, respectively (Fig. 1D-F; n = 10); these were not
statistically different when compared with the number of bundles

in wild-type animals (p > 0.05 for all nerve types; see above).
IC-IM were not found in the fundus of W/IW¥ mutant animals, as
documented previously (Burns et al., 1996) (see Fig. 1D-F).

Although confocal microscopy revealed a close correlation be-
tween VAChT-LI, Sub-P-LI, and NOS-LI nerve bundles, evidence
of direct innervation of IC-IM could not be obtained by light
microscopy. Therefore, we conducted a series of ultrastructural
studies to determine the nature of the morphological association
between motor nerve endings and IC-IM.

Smooth muscle cells and IC-IM were of similar shape but
displayed distinctly different ultrastructural features (Fig. 24,D).
By the use of immunoelectron microscopy, nerve fibers and var-
icosities immunoreactive for either vVAChT or NOS were found
within the circular and longitudinal muscle layers. It is likely that
the majority of these fibers were nerve terminals of enteric motor
neurons, and it is unlikely that vAChT immunoreactivity was
caused by vagal efferent fibers because these neurons do not
terminate within the muscle layers (Holst et al., 1997). vAChT
immunoreactivity was associated with either the membranes or
within the lumen of vesicles within varicosities. NOS immunore-
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IC-IM and enteric neurons with NOS-LI form intimate contacts as revealed by immunoelectron microscopy. A4, An IC-IM (ic) within the

circular muscle layer (cm) is shown. IC-IM were readily identified by the large number of mitochondria (m), rough endoplasmic reticulum, and free
ribosomes. NOS-LI in enteric nerve terminals is observed as a dense DAB reaction product (asterisk). A, C, A close, synaptic-like region of membrane
exists between a NOS-LI nerve terminal and IC-IM (short arrow; at higher magnification in C). A, B, The IC-IM in A4 also forms a gap junction with

a neighboring smooth muscle cell (long arrow; at higher power in B).

activity was occasionally associated with the membranes of or-
ganelles or appeared as a more diffuse labeling within varicosities
(Figs. 2, 3). Numerous synaptic-like junctions were observed
between VAChT-positive varicosities and IC-IM, with distances
as little as 20 nm between these cells (Fig. 2B,C). Only occasional
close contacts were observed between varicosities and circular
smooth muscle cells (data not shown). Close contacts could also
be found between NOS-positive fibers and IC-IM (Fig. 34,C).
IC-IM that formed synaptic-like junctions with NOS-positive
fibers also formed gap junctions with neighboring smooth muscle
cells (Fig. 3B). Thus, morphologically it appears that motor in-
nervation in the murine fundus is primarily serial in nature, with
IC-IM interposed between nerve endings and circular smooth
muscle cells (Fig. 3).

Postjunctional responses to neural stimulation are
reduced in muscles of W/W" animals

Electrical recordings, made from microelectrode impalements of
cells within fundus muscles, showed that this region of the stom-
ach lacked electrical slow waves in wild-type and mutant animals.
No differences were detected in the resting membrane potentials
of wild-type (—46.8 = 0.9 mV; n = 17) and W/W" (—47.8 = 0.9
mV; n = 13; p > 0.05) fundus cells.

EFS of enteric neurons using single pulses (0.5 msec duration,
supramaximal voltage) produced biphasic, tetrodotoxin-sensitive
(1 M), postjunctional responses in circular muscles of wild-type
animals. These responses were characterized by a rapid excitatory
junction potential (EJP; average amplitude = 8.0 = 0.8 mV;n =
7), followed by an inhibitory junction potential (IJP; average
amplitude = 6.9 = 0.6 mV; n = 7). The nitric oxide synthase
antagonist L-NA (100 um) caused depolarization of membrane
potential (3.7 = 0.8 mV; p < 0.01) in wild-type tissues. The EJP
component of the response to field stimulation was potentiated by
L-NA (i.e., by 37% from 8.0 = 0.8 to 11.1 = 0.8 mV; p < 0.05

compared with control), and the IJP component was reduced by
62% in amplitude and 40% in duration (i.e., from 6.9 = 0.6 to
2.6 = 0.4 mV and from 880 * 42 to 530 = 30 msec, respectively;
p < 0.001 for changes in both parameters). The latter confirms
that a significant component of the inhibitory response is caused
by release of nitric oxide (see also Burns et al., 1996). The EJP
component was cholinergic because it was completely blocked by
atropine (1 um; n = 4; Fig. 44-C).

In contrast to the stereotypical neural responses in wild-type
animals, EFS (single pulses; 0.5 msec in duration) of fundus
muscles of W/WY mutants produced greatly reduced responses
(Fig. 4D-F). The average amplitude of the EJP component was
0.6 = 0.2 mV, and the IJP component averaged 1.53 = 0.6 mV
(n = 6; p < 0.05 for both responses when compared with wild-
type animals). L-NA (100 um) caused depolarization of circular
muscle cells (4.5 = 1.0 mV; p < 0.01) but did not decrease 1JPs.
In fact we noted a small, but significant, increase in the amplitude
of IJPs after L-NA in muscles of W/W" mutants (from a control
value of 1.5 £ 0.6 to 2.7 = 1.0 mV; p < 0.05). EJPs were of
negligible amplitude in W/W" tissues after L-NA. These data are
summarized in Figure 4, G and H.

The magnitude of the excitatory responses depended on pulse
duration. In wild-type muscles EJPs increased from 2.7 £ 1.0 mV
with 0.1-msec-duration pulses to 10.9 = 1.7 mV at 0.75 msec
pulses (n = 6; Fig. 54-C). EJPs in W/W" muscles were of small
amplitude at all stimulus strengths (i.e., 0.15 = 0.1 mV at 0.1 msec
and 1.0 = 0.3 mV at 0.75 msec; n = 6; Fig. 5SD-F). L-NA increased
the amplitude of EJPs at all pulse durations in wild-type muscles
but failed to increase EJPs in W/W" muscles (i.e., 0.13 = 0.1 mV
at 0.1 msec and 0.3 = 0.3 mV at 0.75 msec). These data are
summarized in Figure 5G.

Mechanical responses to nerve stimulation were also examined
using muscles of wild-type and W/W" animals. The amplitude of
wild-type circular muscle contractions elicited by single pulses of
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Figure 4. Differences in responses to EFS in wild-type and W/W" mutant
animals. A, EFS (arrowhead; 0.5 msec pulse supramaximal voltage) pro-
duced a biphasic electrical response in wild-type muscles, characterized
by a rapid EJP. The EJP was followed by an IJP. B, L-NA (100 uMm)
reduced the IJPs and increased the amplitudes of the EJPs. C, After
L-NA, atropine (1 uM) completely blocked the EJPs, suggesting that
muscarinic receptors mediated the EJP responses. D, In W/W"¥ mutant
animals, EJPs and IJPs were greatly attenuated. E, F, L-NA had little or
no effect on responses to EFS (E), and after L-NA, atropine had no effect
(F). G, H, The effects of L-NA on EJPs and 1JPs from experiments on
muscles of wild type (n = 17; filled vertical bars) and of W/W" mutants
(n = 13; open vertical bars) are summarized in G and H, respectively.

EFS increased as a function of pulse duration (from 0.03 = 0.02
mN/mg with 0.1 msec pulses to 0.77 = 0.1 mN/mg with 0.75 msec
pulses; p < 0.05; n = 7; Fig. 64-C). L-NA (100 uM) increased
basal tone in 33% of 12 wild-type muscle strips tested by an average
of 2.1 = 0.3 mN. L-NA also increased the amplitudes of responses
to EFS at all pulse durations. For example, the contractile response
to stimulation with 0.75-msec-duration pulses increased by 58%
from 0.77 = 0.1 to 1.22 = 0.12 mN/mg (p < 0.05).

Contractile responses to EFS of muscles from W/W" animals
were significantly attenuated at all pulse durations tested (e.g., no
resolvable responses were noted with 0.1 msec pulses, and an
average contraction of 0.27 = 0.05 mN/mg was elicited with 0.75
msec pulses; n = 5; Fig. 6D-F). L-NA increased basal tone in one
of nine W/WY muscles (by 0.5 mN) but did not increase the
contractile responses to EFS at any pulse duration tested. Instead,
L-NA caused attenuation of the contractile responses of W/WY
muscles to EFS. For example, L-NA reduced the contractile
response elicited by 0.5 msec pulses from 0.24 = 0.05 to 0.12 *
0.02 mN/mg. These data are summarized in Figure 6G.

Effect of exogenous acetylcholine

One explanation for the loss of cholinergic responses in muscles
of W/W" animals is a possible reduction in responsiveness to ACh.

Ward et al. « ICC Mediate Excitatory Neurotransmission in Gl Muscles

(+/+) (WW')
A.0.1ms D.0.1ms
bt A 2 s
A A
B. 0.3ms E. 0.3ms
D e et
A A
C.0.5ms F. 0.5ms 28
I mvV
ey B’
G'16 A A IEI
14
S
512
<10
2
£ 8
<
a6
w
4
2
o) ot E 1

0 01 02 03 04 05 06 0.7 0.8
Pulse duration (ms)

Figure 5. Pulses of EFS of different durations (0.1-0.75 msec) altered
responses of gastric fundus muscles. A-C, Increasing the duration of
pulses (arrowheads) potentiated the amplitude of EJPs in wild-type tis-
sues (4-C for pulse durations of 0.1, 0.3, and 0.5 msec, respectively). D-F,
EFS of the same pulse duration had no effect in W/W" muscles (D-F for
pulses of 0.1, 0.3, and 0.5 msec, respectively). G, The electrical responses
to EFS as a function of pulse duration in wild type before ( filled triangles)
and after (filled circles) addition of L-NA (100 um) are summarized.
Responses were greatly diminished in W/WY muscles using the same
stimulus parameters before (open triangles) and after (open circles) L-NA.

We tested this hypothesis by comparing responses to exogenous
ACh in wild-type and W/W" muscles. ACh (0.01-10 um) depo-
larized wild-type and W/WY muscles in a concentration-
dependent manner. The depolarization produced by acetylcho-
line was greater in W/W" than in wild-type muscles. For example
0.3 uM ACh depolarized wild-type muscles by 3.7 = 1.4 mV (Fig.
7A4) and W/WY muscles by 8.1 £ 1.2 mV (p > 0.05; Fig. 7B); 1.0
uM ACh depolarized wild-type muscles by 7.9 = 0.8 mV (Fig. 7C)
and W/W" muscles by 11.5 = 1.1 mV (p < 0.05; Fig. 7D).

The effects of exogenous ACh (0.01-10 um) on mechanical
activity were also tested in 15 tissues each from five wild-type and
five W/W" animals. ACh increased the basal tone of wild-type and
W/W" muscle strips in a dose-dependent manner (Fig. 7G). How-
ever, the nature of the contractile response was somewhat differ-
ent in wild-type and W/W" muscles (Fig. 7E,F). In 47% of
wild-type and 92% of W/W" muscles, phasic contractile activity
was superimposed on the increase in basal tone. Thus, W/WY
muscles do not lose responsiveness to ACh, and in fact, they
experience a phenomenon similar to supersensitivity when inner-
vation of IC-IM is lost.
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Figure 6. Mechanical responses to EFS in wild-type and mutant gastric
tissues. A-C, Isometric contractions to single pulses of EFS (arrowheads;
0.1, 0.5, and 0.75 msec, respectively) are shown. D—F, Mechanical re-
sponses of a W/W" muscle using the same stimulus parameters are shown.
G, Mechanical responses to EFS of wild-type muscles before ( filled
triangles) and after (filled circles) L-NA (100 um) are summarized. Re-
sponses of W/W" muscles were greatly attenuated using EFS with the
same stimulus parameters. A summary of responses of W/W" muscles to
EFS before (open triangles) and after (open circles) L-NA are shown.

Cholinergic responses can be elicited in W/W"
muscles when ACh breakdown is inhibited

The reduction in cholinergic responses in W/W" muscles could
result from the absence of IC-IM in these tissues. Morphological
studies described above showed a high degree of innervation of
IC-IM by cholinergic motor neurons. Normal cholinergic re-
sponses may require the close associations between IC-IM and
excitatory motor nerve endings. W/W" muscles are responsive to
ACHh, so it might be possible to unmask responses to excitatory
nerve stimulation by inhibiting the breakdown of ACh by tissue
cholinesterases. We tested this by treating muscles with neostig-
mine (0.5 uM) to inhibit cholinesterases. In the presence of L-NA,
neostigmine caused membrane depolarization of wild-type and
W/WY muscles. The circular muscle of wild-type animals depo-
larized by 2.5 mV to an average of —40.6 = 1.0 mV, and W/W"
muscles depolarized by 2.1 mV to an average of —41.2 = 1.7 mV
(n = 6). Neostigmine enhanced the amplitude of EJPs stimulated
by pulse durations from 0.1 to 0.75 msec in wild-type muscles. For
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example, EJPs elicited by 0.5 msec pulse durations were increased
by 30% (i.e., from 11.1 = 0.8 to 14.4 = 0.8 mV; p < 0.01; Fig. 84).
These data suggest that endogenous cholinesterases normally
degrade neurally released ACh and moderate excitatory re-
sponses. Neostigmine treatment also produced a secondary de-
polarization after the normal fast EJP in wild-type muscles. The
secondary depolarization developed slowly and was more sus-
tained in duration than was the control EJP. The amplitude of the
secondary component increased as the pulse duration was in-
creased from 0.1 to 0.75 msec. With a stimulus of 0.5 msec the
average amplitude and duration of the secondary depolarization
were 8.3 £ 0.4 mV and 7.4 £ 0.6 sec, respectively. Neostigmine
did not unmask fast EJPs in muscles of W/W" animals. However,
in the presence of neostigmine EFS produced slow depolariza-
tion responses that were dependent on stimulus pulse duration
(0.1-0.5 msec; Fig. 8B). These responses were similar to the
secondary component of depolarization observed in wild-type
animals after neostigmine (e.g., at pulse durations of 0.5 msec the
slow depolarization in W/W" muscles averaged 9.3 = 0.8 mV in
amplitude and 9.8 = 0.8 sec in duration). The slow depolariza-
tions were abolished by atropine (1 um; n = 3).

Neostigmine (0.5 uMm) increased the basal tone of circular
muscles of wild-type (4.0 = 0.4 mN) and W/W"¥ (4.1 = 0.9 mN)
animals. Neostigmine also produced large increases in mechani-
cal responses to nerve stimulation. For example, single pulses at
0.5 msec duration caused contractile responses of 1.1 = 0.1
mN/mg (after treatment with L-NA) in wild-type muscles, and the
response increased to 7.4 = 0.7 mN/mg in the presence of neostig-
mine and L-NA. In W/W" muscles the responses increased from
0.1 = 0.02 to 5.9 = 0.8 mN/mg in the presence of neostigmine
(p > 0.05 for both increases in responses).

Multiple-pulse stimulation

The single-pulse EFS protocols and experiments with neostig-
mime described above suggested that fast, cholinergic EJPs can-
not be elicited in W/W" muscles. However, when ACh breakdown
was inhibited, slow, cholinergic responses were resolved, suggest-
ing that diffusion of transmitter through a larger volume can lead
to interactions with muscarinic receptors expressed by smooth
muscle cells. Further tests were performed to determine whether
release of more transmitter can also accomplish direct smooth
muscle stimulation. Multiple pulses of EFS (3, 5, and 10) were
delivered at high frequencies (30, 50, and 100 Hz). EJPs evoked
in wild-type muscles reached a maximum with five pulses at 50
Hz (i.e., 10.9 = 1.1 mV; n = 5; Fig. 94-D). At higher frequencies
EJPs were masked by overlapping IJPs. L-NA significantly atten-
uated the IJPs and increased EJPs at all frequencies (e.g., L-NA
caused a 55% increase in EJP amplitude from 109 = 1.1 to
16.9 = 1.2 mV with five pulses at 50 Hz; p < 0.01). Under
identical conditions, EFS failed to evoke EJPs in W/WY (n = 5;
Fig. 9E-H).

Studies to evaluate ACh release during EFS

It is possible that trophic influences lost with IC-IM cause cho-
linergic nerves to release less transmitter in W/W" muscles.
Therefore, experiments were performed to measure ACh release
in response to EFS in wild-type (n = 5 experiments, 3 tissues
from 3 animals used in each experiment) and W/W"¥ (n = 5
experiments, 3 tissues from 3 animals used in each experiment)
muscles. EFS (60 V; 0.3 msec pulse duration at 5 Hz for 1 min) of
fundus tissues from wild-type animals caused an ~400% increase
in the fractional release of [ **C]choline (n = 5; Fig. 104). Release
of ['*C]choline was reduced in a reversible manner by tetrodo-
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Figure 7. Electrical and mechanical responses of wild-type and W/WY muscles to exogenous ACh. Application of ACh (arrowheads) tonically
depolarized muscles in a concentration-dependent manner. 4, C, Responses of wild-type muscles to 0.3 and 1.0 uM, respectively. B, D, Responses of
W/W" muscles to the same doses. Acetylcholine caused contractions of wild-type and W/W" muscles. E, The mechanical response of a wild-type muscle
to 1.0 um ACh. F, The response of a W/W" muscle to the same concentration of ACh. Many W/W" muscles displayed oscillations in tone superimposed
on the tonic contraction. This type of response also occurred, but more rarely in wild-type muscles. G, A summary of the responses of wild-type ( filled
circles; n = 5) and W/W" (open circles; n = 5) muscles to ACh (0.01-10 um).

toxin (1 um; n = 3 control experiments; Fig. 10B) and slightly
increased (without reaching statistical significance; p > 0.05) by
neostigmine (1 um). L-NA had no significant effect on [**C]cho-
line release (Fig. 10C). EFS of W/W"Y muscles caused a similar
magnitude of increase in ['*C]choline (n = 5; p > 0.05), and
release of [ "*C]choline in these tissues was also slightly increased
(but did not reach significance) by neostigmine (0.5 uwm; Fig.
10D).

In the presence of L-NA and neostigmine, hexamethonium (300
uM) decreased the release of [ '*C]choline in both wild-type and
W/W" tissues. This decrease was reversed by atropine, indicating
that the presynaptic modulation mechanism is operative in both
tissue types (data not shown).

Whole-organ experiments

The role of IC-IM in the gastric accommodation reflex was tested
by comparing the effects of fluid infusion on gastric pressure in
isolated stomachs from age-matched wild-type and W/W" ani-
mals. A standard volume (200 ul) of Krebs’ solution was infused
into the stomachs at different rates (1.01-20.28 ul sec '), and
gastric pressure (centimeters of H,O) was plotted as a function of
infusion volume for each of five different infusion rates (three
infusions were performed at each rate, and the compliance curves
were averaged). In the stomachs of wild-type animals, gastric
pressure increased in a graded manner as a function of fluid
volume and infusion rate (e.g., from 3.9 = 0.3 cm H,O at 1.01 ul
ec !0 10.6 = 0.3 cm H,O at 20.28 ul sec ~; Fig. 11C). Gastric
pressure changes in response to fluid infusion were significantly
reduced in W/W" (e.g., 2.4 * 0.5 cm H,O at 1.01 ul sec ! and
3.3 = 0.3 cm H,O at 20.28 ul sec ~%; p > 0.05 when compared with
controls; Fig. 11D). The effects of atropine and L-NA were tested
on gastric pressure and the response to fluid infusion. Atropine
(1.0 pm) in the presence of L-NA (100 uMm) decreased gastric
pressure in wild type (Fig. 11E) but produced little or no effect on
gastric compliance in W/W" animals (Fig. 11F).

DISCUSSION

The classical view of autonomic innervation is that the junction
between nerve terminals and smooth and cardiac muscle is not a
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Figure 8. Inhibition of endogenous cholinesterase with neostigmine re-
vealed a slowly developing membrane depolarization in wild-type and
W/W" mutant tissues. A, The electrical responses of wild-type muscles to
EFS (arrowheads; single pulses of 0.1, 0.3, and 0.5 msec duration) before
(left) and after (middle) L-NA (100 uM) and after L-NA with neostigmine
(0.5 um; right) are shown. L-NA blocked 1JPs and potentiated EJPs. In the
presence of L-NA, neostigmine increased the amplitude of the fast EJP
and revealed a slowly developing, second depolarization (arrows). B,
Responses of W/W" muscles to EFS were negligible under control condi-
tions (left) and after L-NA (middle). However, neostigmine added after
L-NA revealed a slowly developing membrane depolarization in response
to EFS (right) that was similar in detail and time course to the second
depolarization response of wild-type muscles (arrows).
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Figure 9. Electrical responses of wild-type and W/W" muscles to EFS.
A-D, Multiple pulses of EFS (arrowheads; 1-10 pulses delivered within
100 msec) caused pronounced EJPs and IJPs in wild-type muscles (1-10
pulses as labeled). E-H, EJPs were not observed in W/WY muscles;
however 3-10 pulses (delivered within 100 msec) caused slowly develop-
ing hyperpolarization responses in these tissues. L-NA had no effect on
the 1JPs elicited in W/W" muscles with 3 or more pulses. I, Data for the
effect of L-NA on control and W/W" mutant tissues are summarized. EJPs
elicited in wild-type muscles ( filled triangles) were potentiated by L-NA
(100 um; filled circles), whereas EJPs were absent in W/W" muscles (open
triangles) and not revealed by L-NA (open circles).

well defined structure (Burnstock, 1981). Instead some investiga-
tors have suggested that transmitter is released en passage as
action potentials conduct down axons, and innervation is defined
by the volume through which a transmitter can diffuse and still
reach postjunctional receptors at an effective concentration. This
concept has been challenged by recent studies using serial-
sectioning techniques and electron microscopy that have shown
that distinct neuromuscular junctions are present in autonomi-
cally innervated tissues; however the structure of these junctions
is less well defined than is that of skeletal neuromuscular junc-
tions (Luff et al., 1987; Gabella, 1995). The present study suggests
that close contacts between motor neurons and postjunctional
cells are an important feature of enteric neurotransmission. With
the present study we have provided morphological and functional
data supporting the hypothesis that cholinergic neurotransmis-
sion depends to a significant degree on synaptic junctions be-
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Figure 10. ["C]Choline release from wild-type and W/W" muscles in
response to EFS. 4, The typical ['*C]choline overflow from a wild-type
fundus muscle in response to EFS is shown. Tissues were stimulated at 40
min intervals for 1 min (5 Hz; 0.1-msec-duration pulses; filled horizontal
bar), and ["*C]choline overflow was assayed from superfusion samples.
[ **C]Choline overflow is plotted as a percentage of fractional release with
time of collection. Overflow decreased with subsequent stimulations (S,
discarded; S,, open circles; S5, filled triangles; S,, open squares; Ss, filled
diamonds). B, The overflow of ['*C]choline in response to EFS (open
circles) was inhibited by TTX (1 uM; n = 9 tissues of 3 animals; filled
triangles), and this was reversible after washout ( filled circles). C, D, EFS
caused release of similar amounts of ['*C]choline from wild-type (C) or
W/W" (D) muscles (p > 0.05). [ **C]Choline release under control con-
ditions (open circles, S,) was not affected by L-NA (100 uwm; filled triangles,
S;) but was slightly increased by neostigmine (0.5 uM; open squares, S,).

tween motor neurons and specific classes of ICC in gastrointes-
tinal muscles.

Cholinergic neuromuscular transmission in autonomically in-
nervated muscles, such as the GI tract, has been thought to occur
via release of ACh, diffusion of the transmitter through a loosely
defined postjunctional volume, and binding and activation of
muscarinic receptors expressed by smooth muscle cells (Burn-
stock, 1981). The postjunctional responses (EJPs) elicited in
smooth muscle cells exposed to sufficient amounts of ACh were
thought to elicit depolarization responses in neighboring, possibly
noninnervated, smooth muscle cells via gap junctions. The find-
ings of the present study suggest this concept is incomplete, and
an alternative model that extends the concept first proposed by
Ramon y Cajal (1911) and later by Roman et al. (1975) and
Daniel and Posey-Daniel (1984) is more consistent with our data;
ACh, released from enteric motor neurons, binds primarily to
receptors expressed by ICC. Activation (depolarization) of neigh-
boring smooth muscle cells occurs by conduction of EJPs via gap
junctions between ICC and smooth muscle cells. Thus, terminals
of enteric motor neurons, IC-IM, and smooth muscle cells form
functional units that release transmitter and mediate and trans-
duce neural inputs into mechanical responses. IC-IM seem to be
a critical component in these functional units. The physically
close association between varicose nerve terminals and ICC sug-
gests that neuro-ICC junctions may be the primary sites of cho-
linergic innervation. Because the distances between cholinergic
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Figure 11.  Gastric compliance measurements from ex vivo stomachs of
wild-type and W/W" animals. Gastric pressure (centimeters of H,O) was
recorded as a function of constant volume infusions at rates varying from
1.01 to 20.28 ul sec ~'. Three infusions were performed at each rate, and
the data were averaged (30-d-old age-matched animals; n = 5 for each
genotype). A, Gastric pressure increased as fluid was infused in the
stomachs of wild-type animals. The gastric pressure response increased as
a function of infusion rate. B, Gastric pressure responses to fluid infusion
were greatly diminished in the stomachs of W/W" mutants ( p < 0.05 when
compared with wild-type stomachs). C, D, Summary data from five
wild-type animals (C) and five W/W" mutants (D) are shown (1.01 ul

sec !, filled squares; 2.02 ul sec ™%, open inverted triangles; 4.09 ul sec ™!,

filled inverted triangles; 8.21 ul sec ™Y, open circles; 20.28 ul sec ™, filled
circles). E, F, Atropine (1 uMm) in the presence of L-NA (100 uMm) increased
gastric compliance of wild-type stomachs (E) but had little or no effect on
the stomachs of W/W" animals (F; L-NA, filled circles; L-NA and atropine,
open circles for both E, F).

varicosities and ICC are small (<20 nm), diffusion and postjunc-
tional responses are rapid (latency of fast EJP = 78 = 13 msec),
and the characteristic response to cholinergic transmission in
muscles of normal animals is a fast EJP that couples to a con-
tractile response. Overflow of ACh from neuro-ICC junctions
seems to be limited by local acetylcholinesterase activity, and the
apparently high metabolic capability of these enzymes tends to
restrict ACh released from nerve terminals to a relatively small
volume of influence. Inhibition of acetylcholinesterase appears to
increase the overflow of ACh, resulting in direct smooth muscle
responses. The smooth muscle responses occurred after longer
latencies and with slower kinetics than did the responses attrib-
uted to innervation of ICC. Thus IC-IM, because of the close
contacts these cells form with excitatory motor neurons, mediate
primary cholinergic innervation in the murine fundus. Although
our functional experiments demonstrated little evidence of direct
cholinergic innervation of smooth muscle cells, it is possible that
parallel innervation of the smooth muscle may also occur (1)
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through relatively more rare direct junctions between motor
neurons and smooth muscle cells, (2) by ACh overflow from
neuro-ICC junctions during sustained high-frequency nerve stim-
ulation, or (3) by recruitment of peptide transmitters at higher
frequencies of stimulation that may have larger volumes of influ-
ence because of slower rates of metabolism.

One interpretation of our results could be that trophic influ-
ences lost with IC-IM in W/W"¥ mutants might alter neuronal
release of transmitter or the postjunctional response of smooth
muscle cells. We tested these possibilities by measuring the den-
sity of innervation by [ '*C]choline release of cholinergic neurons
during EFS of muscles from wild-type and mutant animals. Loss
of IC-IM affected neither the distribution of excitatory motor
neurons nor the amount of ACh released during EFS. Postjunc-
tional responses to exogenous ACh were intact in the muscles of
W/WY animals, suggesting that the reduction in cholinergic re-
sponses was not caused by loss of muscarinic receptors or cellular
effectors in smooth muscle cells. The development of responses to
nerve stimulation in W/W" muscles in the presence of neostig-
mine suggests that cholinergic, receptor-mediated mechanisms of
smooth muscle cells are intact in these animals. Thus, the defects
observed in the postjunctional responses of W/W"¥ muscles to
enteric nerve stimulation are likely to be attributable to physical
and functional denervation caused by the absence of IC-IM.

The observation that tissues of W/W" animals retain respon-
siveness to exogenous ACh contrast with the effects of losing
IC-IM on NO-dependent inhibitory responses (Burns et al., 1996;
Ward et al., 1998). In those studies, tissues of W/W" animals lost
electrical responsiveness to exogenous NO, suggesting that
IC-IM express critical transduction mechanisms or ionic conduc-
tances that mediate postjunctional inhibitory responses. Respon-
siveness to exogenous ACh was not lost in W/W"Y muscles, con-
firming that smooth muscle cells also express the muscarinic
receptors and ionic conductances necessary to mediate postjunc-
tional responses. Thus, loss of responsiveness to cholinergic nerve
stimulation in tissues without IC-IM seems to be primarily
caused by loss of the close association between motor neurons and
postjunctional receptors expressed by IC-IM. Close contacts
seem to be an important feature of enteric cholinergic neuromus-
cular transmission because our data suggest that ACh released
from nerve terminals is confined to a relatively small extracellular
volume by endogenous acetylcholinesterase. IC-IM, by forming
synaptic structures with excitatory motor neurons, provide the
close associations required for efficient neurotransmission.

It should be noted that although responses to exogenous ACh
were maintained in W/IWY muscles, the responses were somewhat
altered in these tissues. ACh elicited tonic depolarization of
membrane potential in wild-type muscles, but often ACh re-
sponses were characterized by oscillations in membrane potential
and contractile activity in W/W" tissues. Thus, it is possible that
an ionic conductance, possibly a K* conductance expressed by
IC-IM, serves to moderate cholinergic responses of the IC-IM/
smooth muscle syncytium and dampens the tendency for mem-
brane potential to oscillate.

The role of IC-IM in excitatory motor nerve responses is
potentially important in the pathophysiology of GI motility dis-
orders. Several studies have shown loss of ICC in patients with a
range of motility dysfunctions, including achalasia (Faussone-
Pellegrini and Cortesini, 1985), pyloric stenosis (Vanderwinden
et al., 1996), and pseudo-obstruction (Isozaki et al., 1997). Gastric
compliance is regulated by neural inputs and possibly by stretch-
sensitive mechanisms expressed by smooth muscle cells or ICC.
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We found that both nitrergic and cholinergic inputs are factors in
regulating normal compliance and the response to filling. Loss of
IC-IM in the murine stomach caused a significant increase in
gastric compliance, such that little or no pressure change was
observed when the stomachs of these animals were perfused with
fluid. This effect could be attributable to the loss in cholinergic
tone that would be likely to accompany the loss of IC-IM. The
gastric compliance in W/W" animals was greater than the increase
in compliance when muscarinic receptors were blocked in wild-
type animals, suggesting that factors other than cholinergic tone
contribute to gastric tone (i.e., other excitatory peptide neuro-
transmitters or the stretch sensitivity of IC-IM). Abnormal com-
pliance is observed in some human gastric disorders (Salet et al.,
1998), and it is would be interesting to determine whether these
patients have defects in the numbers or function of IC-IM.

REFERENCES

Alberts P, Bartfai T, Stjarne L (1982) The effects of atropine on [3H]ace-
tylcholine secretion from guinea-pig myenteric plexus evoked electri-
cally or by high potassium. J Physiol (Lond) 329:93-112.

Burns AJ, Lomax AE, Torihashi S, Sanders KM, Ward SM (1996)
Interstitial cells of Cajal mediate inhibitory neurotransmission in the
stomach. Proc Natl Acad Sci USA 93:12008-12013.

Burnstock G (1981) Review lecture. Neurotransmitters and trophic fac-
tors in the autonomic nervous system. J Physiol (Lond) 313:1-35.

Daniel EE, Posey-Daniel V (1984) Neuromuscular structures in opos-
sum esophagus: role of interstitial cells of Cajal. Am J Physiol
246:G305-G315.

Faussone-Pellegrini MS, Cortesini C (1985) The muscle coat of the
lower esophageal sphincter in patients with achalasia and hypertensive
sphincter. An electron microscopic study. J Submicrosc Cytol
17:673-685.

Gabella G (1995) The structural relations between nerve fibres and
muscle cells in the urinary bladder of the rat. J Neurocytol 24:159-187.

Grady EF, Baluk P, Bohm S, Gamp PD, Wong H, Payan DG, Ansel J,
Portbury AL, Furness JB, McDonald DM, Bunnett NW (1996) Char-
acterization of antisera specific to NK1, NK2, and NK3 neurokinin
receptors and their utilization to localize receptors in the rat gastroin-
testinal tract. J Neurosci 16:6975-6986.

Holst MC, Kelly JB, Powley TL (1997) Vagal preganglionic projections
to the enteric nervous system characterized with Phaseolus vulgaris-
leucoagglutinin. J Comp Neurol 381:81-100.

Huizinga JD, Thuneberg L, Kluppel M, Malysz J, Mikkelsen HB, Bern-
stein A (1995) W/kit gene required for interstitial cells of Cajal and
for intestinal pacemaker activity. Nature 373:347-349.

Isozaki K, Hirota S, Miyagawa J, Taniguchi M, Shinomura Y, Matsuzawa
Y (1997) Deficiency of c-kit+ cells in patients with a myopathic form
of chronic idiopathic intestinal pseudo-obstruction. Am J Gastroenterol
92:332-334.

Klemm MF (1995) Neuromuscular junctions made by nerve fibres sup-
plying the longitudinal muscle of the guinea-pig ileum. J Auton Nerv
Syst 55:155-164.

Lavin ST, Southwell BR, Murphy R, Jenkinson KM, Furness JB (1998)
Activation of neurokinin 1 receptors on interstitial cells of Cajal of the
guinea-pig small intestine by substance P. Histochem Cell Biol
110:263-271.

Luff SE, McLachlan EM, Hirst GD (1987) An ultrastructural analysis of

J. Neurosci., February 15, 2000, 20(4):1393-1403 1403

the sympathetic neuromuscular junctions on arterioles of the submu-
cosa of the guinea pig ileum. J Comp Neurol 257:578-594.

Maeda H, Yamagata A, Nishikawa S, Yoshinaga K, Kobayashi S, Nishi
K, Nishikawa S (1992) Requirement of c-kit for development of in-
testinal pacemaker system. Development 116:369-375.

Ordog T, Ward SM, Sanders KM (1999) Interstitial cells of Cajal gen-
erate and propagate electrical slow waves in the murine stomach.
J Physiol (Lond) 518:257-269.

Portbury AL, Furness JB, Young HM, Southwell BR, Vigna SR (1996)
Localisation of NKI receptor immunoreactivity to neurons and inter-
stitial cells of the guinea-pig gastrointestinal tract. ] Comp Neurol
367:342-351.

Ramon y Cajal S (1911) Histologie du systéme nerveux de ’'homme et
des vertébrés, Vol 2, pp 891-942. Paris: Maloine.

Roman C, Gonella J, Niel JP, Condamin M, Miolan JP (1975) Effets de
la stimulation vagale et de L’adrenaline sur la musculeuse lisse du bas
oesophage du chat. INSERM 50:415-422.

Salet GA, Samsom M, Roelofs JM, van Berge Henegouwen GP, Smout
AJ, Akkermans LM (1998) Responses to gastric distension in func-
tional dyspepsia. Gut 42:823—829.

Sanders KM (1996) A case for interstitial cells of Cajal as pacemakers
and mediators of neurotransmission in the gastrointestinal tract. Gas-
troenterology 111:492-515.

Somogyi P, Takagi H (1982) A note on the use of picric acid-
paraformaldehyde-glutaraldehyde fixative for correlated light and elec-
tron microscopic immunocytochemistry. Neuroscience 7:1779-1783.

Sternini C, Su D, Gamp PD, Bunnett NW (1995) Cellular sites of ex-
pression of the neurokinin-1 receptor in the rat gastrointestinal tract.
J Comp Neurol 358:531-540.

Torihashi S, Ward SM, Nishikawa S, Nishi K, Kobayashi S, Sanders KM
(1995) c-kit-dependent development of interstitial cells and electrical
activity in the murine gastrointestinal tract. Cell Tissue Res
280:97-111.

Torihashi S, Nishi K, Tokutumi Y, Nishi T, Ward SM, Sanders KM
(1999) Blockade of Kit signaling induces transformation of interstitial
cells of Cajal to smooth muscle phenotype. Gastroenterology
117:140-148.

Vanderwinden JM, Liu H, de Laet MH, Vanderhaeghen JJ (1996) Study
of the interstitial cells of Cajal in infantile hypertrophic pyloric stenosis.
Gastroenterology 111:279-288.

Vannucchi MG, de Giorgio R, Faussone-Pellegrini MS (1997) NK1 re-
ceptor expression in the interstitial cells of Cajal and neurons and
tachykinins distribution in rat ileum during development. J Comp
Neurol 383:153-162.

Wang X-Y, Sanders KM, Ward SM (1999) Intimate relationship be-
tween interstitial cells of Cajal and enteric nerves in the guinea-pig
small intestine. Cell Tissue Res 295:247-256.

Ward SM, Burns AJ, Torihashi S, Sanders KM (1994) Mutation of the
proto-oncogene c-kit blocks development of interstitial cells and elec-
trical rhythmicity in murine intestine. J Physiol (Lond) 480:91-97.

Ward SM, Harney SC, Bayguinov YJ, Sanders KM (1997) Development
of electrical rhythmicity in the gastrointestinal tract is specifically
encoded in the tunica muscularis. J Physiol (Lond) 505:241-258.

Ward SM, Morris G, Reese L, Wang X-Y, Sanders KM (1998) Intersti-
tial cells of Cajal mediate enteric inhibitory neurotransmission in the
lower esophageal and pyloric sphincters. Gastroenterology
115:314-329.

Young HM, Ciampoli D, Southwell BR, Newgreen DF (1996) Origin of
interstitial cells of Cajal in the mouse intestine. Dev Biol 180:97-107.



