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Abstract

Using whole cell patch clamp in thin brain stem slices, we tested the effects of cholecystokinin
(CCK) on identified gastric-projecting neurons of the rat dorsal motor nucleus of the vagus
(DMV). Perfusion with the sulfated form of CCK octapeptide (CCK8s, 30 pM-300 nM, ECsg ~4
nM) induced a concentration-dependent inward current in 35 and 41% of corpus- and antrum/
pylorus-projecting DMV neurons, respectively. Conversely, none of the fundus-projecting DMV
neurons responded to perfusion with CCK8s. The CCK8s-induced inward current was
accompanied by a 65 + 17% increase in membrane input resistance and reversed at 90 = 4 mV,
indicating that the excitatory effects of CCK8s were mediated by the closure of a potassium
conductance. Pretreatment with the synaptic blocker TTX (0.3-1 uM) reduced the CCK8s-induced
current, suggesting that a portion of the CCK8s-induced current was mediated indirectly via an
action on presynaptic neurons apposing the DMV membrane. Pretreatment with the selective
CCK-A receptor antagonist lorglumide (0.3-3 uM) attenuated the CCK8s-induced inward current
in a concentration-dependent manner, with a maximum inhibition of 69 + 12% obtained with 3
uM lorglumide. Conversely, pretreatment with the selective CCK-B antagonist triglumide did not
attenuate the CCK8s-induced inward current; pretreatment with triglumide (3 uM) and lorglumide
(1 uM) attenuated the CCK8s-induced current to the same extent as pretreatment with lorglumide
alone. Immunohistochemical experiments showed that CCK-A receptors were localized on the
membrane of 34, 65, and 60% of fundus-, corpus-, and antrum/pylorus-projecting DMV neurons,
respectively. Our data indicate that CCK-A receptors are present on a subpopulation of gastric-
projecting neurons and that their activation leads to excitation of the DMV membrane.
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Cholecystokinin (CCK) is released from small intestinal enteroendocrine cells in response to
nutrients entering the duodenum (for review see Refs. 22,27,39). CCK then induces multiple
effects along the gastrointestinal tract, such as gastric relaxation, decreased gastric acid
secretion, and increased pancreatic exocrine secretion, as well as reduction of food intake
(21,25,32-34,39,45). The actions of CCK are mediated by activation of two G protein-
coupled receptors: the CCK-A (or CCK-1) and the CCK-B (or CCK-2) receptor (28).
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The most publicized site of action of CCK is at the level of vagal sensory neurons, where
CCK is proposed to act in a paracrine fashion. Such a mechanism of action is supported by a
large amount of data indicating that 1) CCK-containing cells are present on the serosal
surface of the small intestine; 2) CCK receptors are present on, and transported within, vagal
afferents; 3) a large percentage of vagal sensory neurons contain CCK and transcribe CCK-
A receptor mRNA,; 4) CCK activates intestinal vagal afferent neurons, and this activation is
mimicked by intestinal stimuli and attenuated by CCK-A receptor antagonists; and 5)
perivagal capsaicin treatment, by destroying sensory C-fibers, significantly attenuates the
effects of systemic administration of CCK (2,3,12,18,31,33).

However, several lines of evidence indicate that the effects of CCK, especially the satiety
effect, might also be mediated via actions at sites other than the peripheral vagal sensory
afferents. In fact, systemic administration of the selective CCK-A receptor antagonist
devazepide, which crosses the blood-brain barrier, increases food intake in capsaicin-treated,
as well as vagotomized, rats (35), and CCK antagonists also attenuate food intake after
administration of nutrients that do not increase plasma CCK (7). Furthermore, food intake
induces the release of hypothalamic CCK, and microinjections of CCK into the
hypothalamus inhibit food intake (4,13,41). Similarly, microinjections of CCK into the
dorsal vagal complex [DVC; i.e., the nucleus tractus solitarius (NTS) and the dorsal motor
nucleus of the vagus (DMV)] inhibit food intake and induce gastric relaxation, and systemic
administration of CCK induces c-Fos expression in the DMV and NTS, where CCK
receptors have been shown to be present (4,24,36,37).

Electrophysiological analysis of the effects of CCK on DVC cells produced mixed results
with respect to the actual effects of CCK as well as the receptor subtypes involved. Plata-
Salaman et al. (29) reported that CCK depolarized a large subset of DMV neurons but also
hyperpolarized a small fraction of them; both effects were mediated via activation of CCK-
A receptors. Conversely, Branchereau et al. (5,6) reported that application of CCK induced
an excitation, an inhibition, or a biphasic excitatory-inhibitory effect on solitary complex
neurons. They also concluded that the effects of the sulfated form of CCK octapeptide
(CCKS8s) were determined by activation of CCK-A and CCK-B receptors; however, their
recordings did not distinguish between NTS and DMV neurons.

The aims of the present study, thus, were to investigate and analyze the pharmacological
responses of identified gastric-projecting DMV neurons to perfusion with CCK8s.

MATERIALS AND METHODS

Retrograde tracing

Rats were purchased from Charles River Laboratories (Wilmington, MA). Animal care and
experimental procedures were performed with the approval of the Animal Care and
Utilization Committee.

Gastrointestinal (GI)-projecting DMV neurons were labeled as described previously (9).
Briefly, 10- to 12-day-old Sprague-Dawley rat pups of either gender were anesthetized
(indicated by abolition of the foot-pinch withdrawal reflex) with a 3% solution of isoflurane
with air (400-600 ml/min). To maintain anesthesia, the head of the rat was placed in a
custom-made anesthetic chamber through which the isoflurane mixture was perfused. A
laparotomy was performed, during which crystals of the retrograde tracer 1,1'-
dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate [Dil, DilC18(3)] were applied
to the serosal surface of the stomach fundus, corpus, or antrum/ pylorus, and the application
site (which covered an ~3- to 5-mm? area along the greater curvature) was embedded in a
fast-hardening epoxy resin, which was allowed to dry for several minutes before the entire
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surgical area was washed with warm saline (9). The wound was closed with 5-0 suture, and
the animal was allowed to recover for 10-15 days.

Electrophysiology

The brain stems were removed as described previously (9). Briefly, the rats were
anesthetized with halothane; when a deep level of anesthesia was induced, we killed the rats
by severing the major blood vessels in the chest. The brain stem was removed and placed in
oxygenated Krebs solution at 4°C (see Solution composition). The site of Dil labeling in the
stomach was confirmed by visual inspection of the organ. The brain stem was used only
from those animals in which the glue covering the site of Dil application was still in place at
the time of the experiment. A Vibratome was used to cut six to eight 2- to 300-um-thick
coronal sections containing the DVC, and the sections were stored in oxygenated Krebs
solution at 30°C for >1 h before use. A single slice was transferred to a custom-made 500-pl
perfusion chamber and kept in place using a nylon mesh. The chamber was maintained at 35
+ 1°C by perfusion with warmed, oxygenated Krebs solution at a rate of 2.5-3.0 ml/min.

Before electrophysiological recording, Gl-projecting DMV neurons were identified using a
microscope (model E600-FN, Nikon) equipped with epifluorescent filters suitable for
visualizing Dil. Once the identity of a labeled neuron was confirmed, whole cell recordings
were made under bright-field illumination using differential interference contrast
(Nomarski) optics.

Whole cell recordings were made with patch pipettes (3- to 8-MQ resistance) filled with a
potassium gluconate solution (see Solution composition) using an Axoclamp 2B single-
electrode voltage-clamp amplifier (Axon Instruments, Union City, CA). Recordings were
made only from neurons unequivocally labeled with Dil. Data were sampled every 100 ps
and filtered at 2 kHz, digitized via a Digidata 1200C interface (Axon Instruments), and
acquired, stored, and analyzed on an IBM personal computer utilizing pClamp 8 software
(Axon Instruments). Recordings were accepted only if the series resistance was <15 MQ. In
all voltage-clamp experiments, the cells were held at =50 mV. Current-voltage relation
curves were constructed by stepping the membrane from —50 to =120 mV in —10-mV
increments for 0.5-1 s. The input resistance was calculated by measuring the instantaneous
current displacement obtained by stepping the membrane from —50 to —70 mV. To assess
the effects of drugs, each neuron served as its own control (i.e., the results obtained after
administration of a drug were compared with those obtained before administration using
Student’s paired t-test). Cells were classified as responders if CCK8s (30-100 nM) induced
a current of at least + 20 pA. Values are means * SE. Significance was set at P <0.05.

Concentration-response curves were constructed from neurons in which at least three
concentrations of CCK8s were tested. At least 5 min were allowed between successive drug
applications. Antagonists were applied for 10 min before the agonist was reapplied.

Immunohistochemistry

Rats were injected with fluorogold (20 pg/1 ml saline ip per rat) to label vagal preganglionic
neurons innervating the subdiaphragmatic viscera, allowing delineation of the boundaries of
the DMV (17,30,46).

With the use of a custom-made anesthetic chamber, rats were anesthetized deeply (abolition
of foot-pinch withdrawal reflex) with isoflurane, and the abdominal and thoracic areas were
shaved and cleaned with 70% ethanol. After an abdominal laparotomy, the stomach was
freed from the liver and reflected gently to one side to facilitate access to the gastric wall.
Gastric-projecting DMV neurons were retrogradely labeled via microinjections of
rhodamine beads (17,46) or apposition of Dil crystals on the fundus, corpus, or antrum/
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pylorus (9). As previously described, care was taken to restrict the dyes within the stomach
wall and to reduce the possibility of perforating the mucosa. The laparotomy was closed
with 5-0 sutures, and the rats were allowed to recover for 5-15 days to allow retrograde
transport of the fluorescent marker to the brain stem. On the day of the experiments, rats
were killed with an overdose of halothane and perfused transcardially with 200 ml of chilled
saline followed by 200 ml of chilled Zamboni’s solution (see Solution composition). In
another series of experiments, rats were anesthetized with thiobutabarbital (Inactin, 120 mg/
kg ip) and injected with CCK8s (2-8 pg/kg ip). After 30-90 min, the animals were fixed as
described above. After extraction, brain stems were immersed in chilled Zamboni’s fixative
overnight, washed with PBS, and cut into 40-um-thick coronal sections with a cryostat. The
brain stem slices were then mounted on gelatin-coated coverslips and incubated with rabbit
anti-CCK-A receptor antibodies (CURE, University of California Los Angeles) diluted
1:200 with 0.1% PBS-BSA for 24 h at 4°C or with rabbit anti-CCK-A phosphorylated
receptor diluted 1:250 (R & D Systems, Minneapolis, MN). Sections were then washed in
1% PBS-BSA (3 times over a 2-h period) at room temperature and incubated with secondary
goat anti-rabbit antibodies conjugated to Alexa 488 (1:500) for 2 h at 37°C. The brain stem
slices were washed in PBS containing 0.1% goat antiserum for 2 h at room temperature
before being coverslipped with Fluoromount-G (Southern Biotechnology, Birmingham,
AL).

Specimens were examined using a Nikon E400 microscope fitted with epifluorescent filters
for tetramethylrhodamine isothiocyanate, FITC, and UV. Cells labeled with rhodamine
beads or Dil and/or CCK-A visualized with Alexa 488 were counted on alternate brain stem
slices by two independent investigators who were unaware of the treatment. If the cell count
differed by >10%, a third investigator analyzed the brain stem slices. The final cell count
was the mathematical average of the independent cell counts.

To minimize errors in the counting of DMV somata, we counted only those neurons in
which the nucleus was clearly visible. Despite this precaution, we have to consider cell
counts as best proportional estimates only, rather than absolute values, when comparing
labeled subpopulations. This is of paramount importance, because the surface of the stomach
wall covered by application of the retrograde tracers was limited to ~3-5 mm2. Therefore,
this provided only a small, but representative, fraction of labeled DMV neurons projecting to
the gastric areas of interest.

Sections of brain stem were analyzed from ~2 mm caudal to the posterior tip to ~3 mm
rostral to the anterior tip of the area postrema. Cell count values are means + SE.

Photographs were taken using a SPOT digital camera (Sterling Heights, MI) mounted on a
Nikon E400 fluorescent microscope. Digital images were enhanced using Adobe Photoshop.

Solution composition

Krebs solution contained (in mM) 126 NaCl, 25 NaHCO3 2.5 KClI, 1.2 MgCly, 2.4 CaCly,
1.2 NaH,POy, and 11 dextrose, with pH maintained at 7.4 by bubbling with 95% O,-5%
COsy. Intracellular solution consisted of (in mM) 128 potassium gluconate, 10 KCI, 0.3
CaCly, 1 MgCl,, 10 HEPES, 1 EGTA, 2 ATP, and 0.25 GTP, with pH adjusted to 7.35 with
KOH. PBS consisted of (in mM) 115 NaCl, 75 NayHPO4 - 7H,0, 7.5 KH,POy, and 0.15%
Triton X. Zamboni’s fixative contained 1.6% (wt/vol) paraformaldehyde, 19 mM KH,POy,,
and 100 mM NayHPOQOy, - 7H,0 in 240 ml of saturated picric acid and 1,600 ml of H,0, with
pH adjusted to 7.4 with HCI.
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Statistical analysis

Values are means * SE. Intergroup comparisons were analyzed with one-way ANOVA
followed by the conservative Bonferroni test for individual post hoc comparisons, Student’s
paired t-test, or 2 test. Significance was defined as P <0.05.

Drugs and chemicals

Drugs were made fresh immediately before use and applied to the bath via a series of
manually operated valves. Nonsulfated CCK (CCKns) was purchased from Bachem (King
of Prussia, PA), Dil from Molecular Probes (Eugene, OR), and fluorogold from
Fluorochrome (Denver, CO). Phosphorylated CCK-A receptor antibody was a gift from Dr.
A. E. Kalyuzhny (R & D); CCK-A receptor antibody (nonphosphorylated) was a gift from
CURE. All other chemicals, including CCK8s, were purchased from Sigma (St. Louis, MO).

RESULTS

Whole cell patch-clamp studies were conducted on 267 neurons identified as 21 fundus-, 87
corpus-, and 159 antrum/ pylorus-projecting neurons.

CCK8s induced an inward current in subpopulations of DMV neurons

Two minutes of perfusion with CCK8s (30-100 nM) induced an inward current in 34% of
corpus-projecting neurons (i.e., 30 of 87) and 41% of antrum/pylorus-projecting neurons
(i.e., 66 of 159). The remaining 168 (i.e., 64%) neurons, including all the fundus neurons,
did not respond to CCK8s. Three more neurons responded to CCK8s with a 50 + 13 pA
outward current. The low occurrence of this type of response to CCK8s prevented us from
conducting any type of pharmacological analysis.

Because the response of corpus- and antrum/pylorus-projecting neurons to CCK8s did not
differ between the groups, the data obtained from DMV neurons projecting to these two
areas were pooled. Furthermore, there was no apparent preferential distribution of cells,
whether responsive or unresponsive to CCK8s, along the rostrocaudal extent of the DMV.

The response to perfusion with CCK8s was concentration dependent (30 pM-300 nM), the
ECso was ~4 nM, the maximum response was reached with 30 nM, and the maximum
current amplitude was 42.3 + 4.7 pA (Fig. 1). Six cells responsive to CCK8s in voltage-
clamp configuration were also tested in current-clamp configuration; the spontaneous firing
rate was 1.15 + 0.26 and 2.01 £ 0.26 pulses per second in control and after perfusion with 30
nM CCKS8s, respectively (i.e., 104 + 27% of control, P <0.05). Twenty-four additional
neurons that did not respond to 30 nM CCKS8s in the voltage-clamp configuration were also
unresponsive to 30 nM CCKS8s perfusion when tested in the current-clamp configuration.

When two applications of 30 nM CCK8s were conducted within 5 min of each other, the
CCK-induced inward current did not show tachyphylaxis. The first superfusion of CCK8s
induced a 43.5 + 5.5 pA inward current. After washout of CCK8s, the membrane returned to
its initial values. A second superfusion of CCK8s induced a 38.0 + 3.6 pA inward current
(i.e., 93 £ 5.9% of the 1st application, P >0.05, n = 13; Fig. 2, A and B).

When the application of 30 nM CCK8s was continued for 5 min, the amplitude of the peak
inward current (49.4 + 2.5 pA) did not decay throughout the period of superfusion; i.e., the
CCK8s-induced current did not desensitize. The cells recovered to baseline after
discontinuation of CCK8s superfusion (Fig. 2C).

To detect whether the CCK8s-induced current was due to a direct effect of CCK8s on the
DMV cell, we compared the amplitude of the CCK8s (30-100 nM)-induced inward current
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in the absence and presence of the synaptic transmission blocker tetrodotoxin (TTX, 0.3
uM). In six neurons, CCK8s induced a 48.0 + 5.57 pA inward current that recovered to
baseline on washout. After 10 min of perfusion with TTX, reapplication of CCK8s in the
presence of TTX induced a 37.8 £ 5.71 pA inward current (i.e., 80 = 9.7% of control, P
<0.05 vs. CCKaSs alone; Fig. 3).

The reversal potential of the CCK8s-induced inward current was measured by stepping the
membrane from —50 to —120 mV in 10-mV increments (Fig. 4A). In 11 cells responsive to
CCKS8s, the reversal potential of the CCK8s-induced current was —89 + 4.5 mV (Fig. 4B). In
8 of the 11 cells, CCKS8s increased the input resistance, measured from —50 to —70 mV,
from 356 + 52 MQ in control to 560 + 70 MQ in CCKaSs (i.e., 65 + 17% of control, P <0.05;
Fig. 4C). In the three remaining cells, perfusion with CCK8s did not affect the input
resistance.

CCKbns (30 nM-3 uM) was tested on eight CCK8s-responsive DMV neurons. Perfusion
with 30 nM CCKS8s induced a 57 + 6.40 pA inward current; after washout of CCK8s and
return of the membrane to baseline, perfusion with 30 nM-1 uM CCKns did not induce any
measurable current, but perfusion with 3 uM CCKbns induced a 25 + 5.2 pA inward current.

CCK8s-induced inward current is mediated by CCK-A receptors

In 18 DMV neurons, perfusion with 30 nM CCKS8s induced a 68.5 + 5.96 pA inward
current. After washout of CCK8s and 10 min of superfusion with the selective CCK-A
receptor antagonist lorglumide (0.3-3 uM), which per se had no effect on the holding
current, the CCK8s-induced inward current was significantly attenuated in a concentration-
dependent manner (Fig. 5). In contrast, 10 min of pretreatment with the selective CCK-B
receptor antagonist triglumide (0.3-3 uM, n = 12) did not attenuate significantly the CCK8s-
induced inward current. Even at the highest concentration tested (3 pM), pretreatment with
triglumide did not significantly reduce the CCK8s-induced current (Fig. 5). In six cells in
which 3 uM triglumide was first tested against CCK8s, 10 min of perfusion with 1 pM
lorglumide and 3 uM triglumide reduced the CCK8s-induced current to the same extent as
CCKa8s + lorglumide alone (P <0.05 vs. CCKS8s alone, P >0.05 vs. CCK8s + lorglumide
alone; Fig. 5).

CCK-A receptors are present on the membrane of a sub-population of DMV neurons

A total of 26 rats were used: 9 were labeled with apposition of dyes on the fundus, 11 on the
corpus, and 6 on the serosal surface of the antrum/pylorus.

Dil- or rhodamine bead-filled neurons were seen throughout the rostrocaudal extent of the
DMV. We counted an average of 40.2 + 8.16 dye-labeled DMV cells in each animal.

Two different antibodies from CCK-A receptors were tested: the first antibody was raised
against the nonphosphorylated receptor and the second against the phosphorylated, i.e.,
activated (15), receptor. Immunoreactivity to the phosphorylated CCK-A receptor was not
observed in four additional rats that did not receive intraperitoneal injection of CCKS8s (see
MATERIALS AND METHODS), confirming that the antibody was sufficiently specific to
recognize the activated, i.e., phosphorylated, form of CCK-A receptor only.

Results obtained from rats pretreated with intraperitoneal injection of CCK8s and tested
with the phosphorylated form of the CCK-A receptor or from rats tested with the
nonphosphorylated form of the CCK-A receptors were qualitatively and quantitatively
similar; thus the data were pooled.
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CCK-A receptor immunoreactivity was evenly distributed throughout the rostrocaudal
extent of the DMV. The immunoreactivity was restricted to the perinuclear cytoplasm and
was not detectable in adjacent processes. CCK-A receptor immunoreactivity colocalized
with 65 + 4.8% of corpus-projecting, 60 £ 3.7% of antrum/pylorus-projecting, and 34
6.8% of fundus-projecting neurons (P <0.05 vs. corpus and antrum/ pylorus; Fig. 6).

DISCUSSION

In this study, we have shown that 1) CCK8s induces a concentration-dependent inward
current in ~40% of identified corpus- and antrum/pylorus-projecting DMV neurons but has
no effect on fundus-projecting neurons, 2) the CCK8s-induced inward current is likely to be
mediated by closure of a potassium conductance, 3) the CCK8s-induced inward current is
mediated by activation of CCK-A receptors, and 4) CCK-A receptors can be identified on a
subpopulation of gastric-projecting DMV neurons.

These data suggest that functional CCK-A, but not CCK-B, receptors are present on
subgroups of gastric-projecting DMV neurons. It is possible that these CCK-A receptors are
physiologically relevant in the mechanism of action of CCK in the central nervous system
(CNS). Given the low circulating concentrations of gut-derived CCK, however, we cannot
exclude the possibility that the CCK acting on gastric-projecting DMV neurons is derived
from some other source. Thus the full physiological relevance may remain to be established.

Our conclusions are based on the following evidence. Approximately 40% of corpus- and
antrum/pylorus-projecting DMV neurons respond to perfusion with CCK8s with an inward
current. Conversely, none of the fundus-projecting neurons responded to perfusion with
CCKa8s. Our data confirm and extend the initial observation by Plata-Salaman and
colleagues (29), who showed that ~43% of unidentified DMV neurons were depolarized by
CCKa8s. Contrary to Plata-Salaman and colleagues, who reported that 11% of DMV neurons
were hyperpolarized by CCK8s, we observed an outward current (i.e., hyperpolarization) in
only 3 of 267 neurons. A possible reason for this discrepancy might be that Plata-Salaman
and colleagues recorded from DMV neurons projecting to areas other than those studied in
our investigation, which was restricted to gastric-projecting cells. Our data, showing that
CCKa8s induces an inward current (i.e., an excitatory effect) in gastric-projecting DMV
neurons, are in agreement with data showing an excitatory effect of CCK8s in other CNS
areas (10,11,28,43).

The CCKS8s-induced inward current is attenuated in a concentration-dependent manner by
pretreatment with the selective CCK-A receptor antagonist lorglumide. Conversely, the
CCK-B-preferring receptor agonist CCK8ns does not induce any current when perfused onto
DMV neurons at concentrations as high as 1 uM; a small inward current was induced,
however, on administration of 3 uM CCKns, strongly suggesting a nonselective effect.
Similarly, pretreatment with the selective CCK-B receptor antagonist triglumide does not
attenuate the CCK8s-induced inward current. Furthermore, perfusion with a combination of
lorglumide and triglumide attenuates the CCK8s-induced inward current to the same extent
as lorglumide alone. Our in vitro data, showing that the effects of CCK8s on DMV neurons
are mediated via interaction with CCK-A receptors, are in agreement with biochemical and
in vivo results showing that, overall, the satiety and Gl effects of CCK8s are mediated via
CCK-A receptors (16,23,26,34,35). Of particular relevance are the data showing that the
CCK-mediated effects at the level of the brain stem are mediated via activation of CCK-A
receptors (4,16,35).

The inward current induced by perfusion with CCK8s is accompanied by a significantly
increased input resistance. The reversal potential of the current is close to —90 mV, i.e.,
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close to the reversal potential for potassium, suggesting that the excitatory effects of CCK8s
are mediated via closure of a potassium conductance. These results are similar to data
reported in other CNS regions, where the excitatory effects of CCK8s were shown to be
mediated by closure of potassium conductance (5,10,29), although Dun et al. (14) suggested
that the effects of CCK in nodose ganglion cells were mediated by an increase in a
nonselective cationic conductance.

Our data also show that, after blockade of synaptic transmission with TTX, the response to
CCKS8s is significantly reduced, suggesting that a portion of the excitatory response to
CCKa8s is mediated by inputs impinging on DMV neurons, similar to that observed for the
parabrachial nucleus and hippocampus (8,40). Indeed, several authors indicated an
excitatory effect of CCK on areas, such as the NTS and area postrema, that have robust
projections to DMV and, most importantly, would be preserved in our experimental
conditions (1,4-6,16,36,38).

Finally, our electrophysiological results are supported by our immunohistochemical data.
With the use of two different types of CCK-A receptor antibodies, one recognizing the
CCK-A receptor in its phosphorylated state and the other recognizing the nonphosphorylated
CCK-A receptor, we observed that CCK-A receptor immunoreactivity is present in a
significantly larger proportion of corpus- or antrum/pylorus- than fundus-projecting neurons.
CCK-A receptor labeling observed in this study was restricted to cell bodies, as previously
reported with autoradiographic and immunochemical methods (19,24). Interestingly, the
phosphorylated CCK-A receptor immunoreactivity was detectable only after intraperitoneal
administration of CCK8s, indicating that CCK-A receptors were activated/ phosphorylated
by circulating CCK8s (15). These data further support the possible role of CCK8s in the
central regulation of satiety or gastric functions.

Physiological significance

The CCK-induced gastric relaxation is thought to be one of the mechanisms that mediate the
satiety effects of CCK. The DMV comprises the preganglionic parasympathetic neurons that
finely modulate gastric tone and motility. Cholinergic neurons in the DMV, in fact, impinge
on postganglionic cells that comprise the excitatory cholinergic or the inhibitory
nonadrenergic noncholinergic (NANC) pathways that regulate gastric functions (44). CNS-
mediated gastric relaxation can thus be obtained via inhibition of DMV neurons that
comprise the cholinergic excitatory pathway or via excitation of DMV cells that comprise
the inhibitory NANC pathway. Our results, showing that CCKS8s has an excitatory effect on
DMV neurons, seem to support the hypothesis that the CCK8s-mediated gastric relaxation
occurs via an increase in the activity of NANC pathways to the corpus wall, although this
mechanism of action is still controversial (42). Under physiological conditions, it is not clear
how CCK would reach the brain stem to exert its actions. In fact, the postprandial plasma
concentration of CCK is in the low picomolar range, which would not be sufficient to excite
DMV neurons. Furthermore, CCK does not readily cross the blood-brain barrier, although
portions of the DVC have a “leaky” blood-brain barrier. It is possible, however, that the
effects of CCK on DMV neurons are determined by CCK acting as a neurotransmitter or
neuromodulator. Indeed, CCK-containing neural projections originating from the NTS or the
hypothalamus are present throughout the rostrocaudal extent of the DMV (20).

The hypothesis that the effects of CCK are mediated via activation of an NANC pathway
falls short of explaining the lack of effects of CCK8s on fundus-projecting DMV neurons.
Because most of the gastric relaxation is mediated by the proximal stomach, which is also
the area that supposedly receives most of the NANC innervation, it is possible that the
effects of CCK8s are indirect, i.e., mediated by an effect of CCK8s on local inputs
impinging on gastric-projecting DMV neurons. Indeed, our data showing that some of the
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effects of CCK8s are abolished by TTX treatment might indicate this possibility. The lack of
CCKa8s effects on fundus-projecting neurons might be ascribed to subthreshold (i.e., below
resolution) effects on the DMV membrane.

In summary, in the present study, we have shown that CCK-A receptors mediate the
excitatory effects of CCK8s on subsets of corpus- and antrum/pylorus-projecting DMV
neurons, an action mediated by the closure of a potassium conductance. We have also shown
that CCK-A receptor immunoreactivity is present on the membrane of subgroups of gastric-
projecting DMV neurons. Taken together, these data would suggest that the CCK8s-
mediated gastric relaxation occurs via activation of NANC pathways.
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Fig. 1.

Sulfated cholecystokinin octapeptide (CCKS8s) induced a concentration-dependent inward
current. A: representative voltage-clamp traces illustrating the concentration-dependent
inward current induced by superfusion of CCK8. A recovery period of =5 min was allowed
between successive applications, during which membrane potential returned to baseline
values. Parallel oblique bars indicate a 2- to 5-min interval. Holding potential =50 mV. B:
concentration-response curve for the CCK8-induced inward current.
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Fig. 2.

CCK8-induced inward current does not show tachyphylaxis or desensitization. A:
representative voltage-clamp traces comparing amplitude of the current obtained by 2
applications (1 and 2) of 30 nM CCK8s 5 min apart. Holding potential =50 mV. B:
amplitudes of inward current induced by CCK8s in 2 successive applications 5 min apart.
Maximal current amplitude is not significantly reduced between the 2 applications of CCK8.
C: representative voltage-clamp trace. CCK8s (30 nM)-induced response does not
desensitize even in the continued presence of CCK8. Holding potential =50 mV.
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Fig. 3.

A large proportion of the CCK8-induced current is via direct activation of the membrane of
the dorsal motor nucleus of the vagus (DMV). A: representative voltage-clamp traces
showing CCK8s (100 nM)-induced inward current in control and after 10 min of perfusion
with the synaptic transmission blocker TTX (0.3 pM). Parallel oblique bars indicate a 2-min
interval. Holding potential =50 mV. B: amplitudes of inward current induced by CCK8s in
the absence and presence of TTX. *P <0.05 vs. CCKS8s alone.
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Fig. 4.

CCK8-induced inward current has a reversal potential close to that for potassium. DMV
neurons were voltage clamped at =50 mV and stepped to —120 mV for 800 ms every 5sin
—10-mV increments in control conditions and after perfusion with 30 nM CCKaSs. B:
current-voltage plot. Reversal potential for CCK8-induced current is close to that for
potassium. Each data point represents average of 6-24 neurons. C: input resistance in
control and after perfusion with 30 nM CCK8s. CCK8s perfusion induced a 65 + 17%
increase in input resistance. *P <0.05 vs. control.
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Fig. 5.

CCK8-induced inward current (Icck) is mediated by CCK-A receptors. Normalized data
show that pretreatment with the selective CCK-A receptor antagonist lorglumide, but not the
selective CCK-B receptor antagonist triglumide, attenuated the maximal response to CCK in
a concentration-related manner. Pretreatment with lorglumide + triglumide did not increase
the antagonism induced by lorglumide alone. *P <0.05 vs. CCKS8s alone; **P >0.05 vs.
lorglumide alone.
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Fig. 6.

Immunohistochemical localization of CCK-A receptors. Top: low-magnification micrograph
depicting localization of CCK-A receptors (green, FITC filters) and corpus-projecting DMV
neurons (red; tetramethylrhodamine isothiocyanate filters). a: Higher magnification of
encircled area on the left showing a corpus-projecting DMV neuron (arrow) that did not
contain CCK-A receptors and a unidentified DMV neuron (double-headed arrow) that
expressed CCK-A receptors. b: Higher magnification of encircled area on the right showing
a corpus-projecting DMV neuron (arrow) and an unidentified DMV neuron (double-headed
arrow) that expressed CCK-A receptors. B: percentage of identified gastric-projecting
[fundus, corpus, and antrum/pylorus (A/P)] DMV neurons expressing CCK-A receptors.
CC, central canal; XII, hypoglossus nucleus. *P <0.05 vs. fundus-projecting neurons.
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