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Mechanisms of action of CCK to activate central vagal afferent
terminals
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Abstract

Cholecystokinin [CCK] is a peptide released as a hormone by the proximal gut in response to the
presence of peptones and fatty acid in the gut. Considerable evidence suggests that CCK inhibits
feeding behavior and gastric function by acting as a paracrine modulator of vagal afferents in the
periphery, especially in the duodenum. CCK is also widely distributed throughout the mammalian
brain and appears to function as a neurotransmitter and neuromodulator. More recent studies have
suggested that CCK may act directly within the CNS to activate central vagal afferent terminal inputs
to the solitary nucleus. We have developed an in vitro calcium imaging method that reveals, for the
first time, the direct effects of this peptide on vagal terminals in the solitary nucleus. In vitro imaging
reveals that CCK provokes increases in intracellular calcium in vagal afferent terminals as a
consequence of a complex interaction between protein kinase A [PKA] and phospholipase C [PLC]
transduction mechanisms that open L-type calcium channels and causes endoplasmic reticular [ER]
calcium release. The subsequent activation of PKC may be responsible for initiating calcium spiking
which is dependent on a TTX-sensitive mechanism. Thus, imaging of the isolated but spatially intact
hindbrain slice has allowed a more complete appreciation of the interdependent transduction
mechanisms used by CCK to excite identified central vagal afferent fibers and varicosities.
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Introduction

Cholecystokinin [CCK] is a peptide released from gut endocrine cells in response to the
presence of peptones and fatty acids in the gut [19]. CCK regulates pancreatic enzyme
secretion, gallbladder contractions, gastrointestinal motility, and is a potent satiety factor.
CCK-A receptors are abundant on peripheral vagal afferent fibers and on the cell bodies of
origin in the nodose ganglion [10,15,36,57]. Peripheral vagal afferent responsiveness to CCK
has been demonstrated using electrophysiological recordings of teased vagal afferent fibers
and from nodose ganglion cell bodies [18,36,53,57].

While there is little doubt that CCK activates vagal afferents, there is some question concerning
where and how this activation takes place. Previous studies have shown that the effects of CCK
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to promote satiety, reduce gastric motility, and provoke pancreatic exocrine secretion are a
consequence of the peptides action on vagal afferents [[37,40,47], respectively]. Many of these
effects appear to be a consequence of paracrine-like effects of CCK on the peripheral vagus
[56]. However, recent reports suggest that CCK may also have direct CNS effects to control
digestion and feeding behavior. For example, in vitro electrophysiological studies have shown
that solitary nucleus neurons [NST] and efferent neurons in the dorsal motor nucleus of the
vagus [DMN] are activated by CCK [3,5,42,43,57]. cFOS activation of solitary nucleus
neurons on both sides of the neuraxis still occurs after peripheral administration of CCK to
unilateral, cervically vagotomized animals [4]. These points suggest a parallel sensitivity for
CCK shared both by peripheral vagal afferents and by vagal afferent circuit elements within
the dorsal medulla. This redundancy is supported by behavioral observations where CCK
antagonists that can penetrate the blood brain barrier are more effective in suppressing feeding
and gastrointestinal effects of CCK than those antagonists that do not have central actions
[44,46].

Recordings made from cultured nodose ganglion neurons [36,57] suggest that CCK action,
mediated through CCK-A receptors, causes a significant elevation in intracellular calcium.
These studies suggest that the principal means of activation of this calcium flux in nodose
neurons may be extracellular calcium entry through membrane channels. However, work on
non-neural (i.e., pancreatic and gastrointestinal) cell types suggests that CCK may also
augment calcium release from endoplasmic reticular [ER] stores [63]. Other studies of the
CCK-A receptor suggest that the intracellular domain can activate both Gg- and Gs-initiated
transduction pathways; Gq pathways activate ER calcium release by activating a phospholipase
C [PLC] mechanism while the Gs-protein kinase A [PKA] path can regulate the sensitivity of
cation channels [21,23,25]. Our in vitro calcium imaging method allows us to directly examine
how CCK activates vagal afferent terminals in the NST [48,49].

Long-Evans rats [200-400 g; both males and females], obtained from the breeding colony
located at Pennington Biomedical Research Center, were used in these studies. All animals
were maintained in a room with a 12:12 hour light-dark cycle with constant temperature and
humidity, and given food and water ad libitum. All experimental protocols were performed
according to the guidelines set forth by the National Institutes of Health and were approved by
the Institutional Animal Care and Use Committees at the Pennington Biomedical Research
Center.

Afferent prelabeling

Techniques for performing calcium imaging studies of identified vagal afferent fibers and
varicosities have been described in detail [48,49]; the methods are abstracted here. Prior to
surgery, glass microinjection pipettes are pulled from 1.8 mm OD starbore capillary tubing
[Radnoti Glass Technologies, Inc, Monrovia, CA] using Narishige Model 1D puller [Tokyo,
Japan]. Tips are beveled at ~20° angle on a rotating diamond-coated glass disk [Sutter BV-10];
final tip diameter ~50microns. Micropipettes were filled with 20% CalciumGreen 1-dextran
3000MW conjugate [CGD; Invitrogen-Molecular Probes; Carlsbad, CA] in a solution of 1%
Triton-X 100 and distilled water.

Rats are anesthetized with pentobarbital [Nembutal; Abbott Laboratories, Chicago, IL; 50mg/
kg, ip]. Using aseptic technique, the nodose ganglion is exposed at the jugular foramen. Access
is made through a midline longitudinal incision over the tracheal area. The sternohyoidus and
omohyoidus muscles are slightly separated to expose the common carotid artery and the
attached cervical vagus nerve. The vagus is carefully dissected from the carotid in the rostral
direction. The nodose appears as a pink translucent swelling of the vagus at the posterior
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lacerated foramen [22]. The micropipette containing CGD is connected to a source of pulsed
air pressure [Picospritzer, General Valve Corp., Fairfield NJ] and the tip of the pipette is guided
by hand through the sheath of the nodose ganglion. Pressure pulses [~2—10 PSI] are applied to
the pipette; dye is injected to fill the ganglion. Total injected volume is approximately 200nL.
The pipette is withdrawn; the cervical wound is closed with 4-0 nylon suture. Upon recovery
from the anesthesia, animals are returned to their home cage for 2-5 days to allow anterograde
transport of CGD to central vagal varicosities.

Brainstem Slice Preparation

Animals are re-anesthetized with urethane [ethyl carbamate; Sigma-Aldrich, St. Louis, MO;
1.5g/kg i.p.]; this anesthesia readily washes out of tissue and does not have long-term effects
on the activity of neurons in these slices [24]. After decapitation and swift removal of the
brainstem to cold, carbogenated, cutting solution [~4°C; 95% O,; 5% CO,; see recipe below],
300micron thick slices are cut coronally through the medulla with a sapphire knife on a
Vibratome [model 1500; St. Louis, MO]. Slices are then transferred to a scintillation vial
containing carbogenated normal Krebs [recipe below] at 29°C for approximately 1 hr prior to
conducting experiments. Brain slices are transferred using a Pasteur pipette whose tip is cut
off and fire-polished, leaving a bore of ~ 6mm.

In vitro perfusion solutions

Cutting Krebs solution contained (in mM): 110 choline chloride, 25 NaHCOg3, 2.5 KClI, 7
MgSO4- 7H,0, 1.25 NaH,POy; 10 glucose; 0.5 CaCl,-2H,0; bubbled with 95% O,/ 5%
CO, during the entire cutting process.

Normal Krebs contained (in mM): 124 NaCl, 25 NaHCO3, 3.0 KCI, 1 MgS0O4-7H50, 1.5
NaH,POy; 10 glucose; 1.5 CaCl,-2H,0; bubbled with 95% O,/ 5% CO,, continuously;
osmolality was 300 + 5 mOsm; pH = 7.3.

Perfusion chamber

Individual brain slices are transferred to the temperature regulated perfusion chamber [Delta
T4 culture dish, Bioptechs, Inc, Butler, PA]. The 25mm diameter chamber dishes have integral
heating elements and a clear cover-slip bottom that allows trans-illumination with an ordinary
white light source. Thermocontrol is assisted through the use of an objective heater for the
microscope. Temperature of the slice chamber and objective are maintained at 33-34°C. The
inside, bottom of the chamber is coated with a thin film of silicone elastomer [Sylgard®, Dow
Corning, Midland, MI] to help hold the tissue slice to the bottom of the chamber. Slices placed
in the chamber are held fast with a harp-type pressor foot made from 22 gauge gold wire and
nylon hosiery fibers.

The recording chamber is continuously perfused at a rate of 2 ml/min with carbogenated Krebs
[or experimental solutions] warmed to 33°C. Perfusion solutions are carbogenated in individual
plastic cups; solenoid valves are used to select perfusates to be directed to the slice. Perfusates
are delivered through a manifold to a roller pump to switch between the normal bathing solution
and the challenge or experimental solutions without interruption to perfusion of the
experimental slice. A period of at least 10min elapses between positioning the slice in the
chamber and beginning of the imaging trial to assure that the tissue and harp have settled in
the chamber so as to avoid focus shifts while imaging.

Imaging instrumentation and data processing

Time-lapse laser confocal calcium imaging is carried out with a "Ultraview" Nipkow disk
imager [model CSU21; PerkinElmer, Boston, MA] combined with a digital camera
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[Hammamatsu-Orca-ER; Japan] on a Nikon E600FN fixed stage upright microscope equipped
with 10X and 40X water immersion objectives. CGD is excited by the 488nm laser line and
the 509nm confocal fluorescent signal is processed by the Perkin Elmer Ultraview software.

In vitro Calcium Signal Analysis

Relative changes in cytoplasmic calcium in response to agonist solutions are expressed as
changes in fluorescence: (AF/F)%, where F is the fluorescence intensity within an area of
interest [ROI; e.g., the outline of a vagal afferent fibers or varicosities] prior to stimulation and
AF is the change from this value during neuronal activity [26]. Background fluorescence [i.e.,
non-involved areas adjacent to the area of interest] was subtracted from both AF and F.

Experimental procedures

Basic calcium response characteristics of CG-labeled vagal afferent
varicosities to CCK and concentration-dependent responses—The effects of
repeated CCK application on vagal terminal responses were established to determine whether
or not these receptors would show rapid adaptation. In this case, the slice was perfused with
CCK [100nM for 60sec] in normal Krebs followed by a 10min washout in normal Krebs. This
CCK concentration was chosen as a search and pharmacologic test dose because it has been
established as the minimum dose necessary to produce the maximum excitatory post-synaptic
current [EPSC] effects on solitary nucleus neurons [5]. Thus, this dose provided a robust initial
response against which the effects of receptor and transduction antagonists could be compared.
In all experiments, CCK-responsive varicosities were identified as those that produced a
minimum change of 20% [(AF/F)%] in relative calcium flux on first exposure to the peptide.
The CCK application was then repeated in normal Krebs, providing a control for both repetitive
application and time interval. This “time control” data indicated that repetitive exposure to
CCK did not result in adaptation and allowed us to use each set of ROI as its own control to
make comparisons for drug [e.g., signal transduction blockers] effects on CCK-induced
calcium changes. As described above, changes in calcium flux are recorded as a change in the
magnitude of fluorescence within the ROI.

Next, the concentration dependence of the vagal terminal calcium response to CCK was
examined. As before, varicosities were initially identified as CCK-responsive by applying a
60sec pulse of 100nM CCK to the bath and identifying those with a minimum 20% increase
in calcium green fluorescence. After a 10min rest interval with normal Krebs perfusion, the
vagal afferent varicosity response to CCK was retested at concentrations between 1pM and
100nM. Statistical differences between calcium responses at different concentrations were
established by one-way analysis of variance followed by the construction of 99% confidence
limits around the individual means

Dependence of CCK-evoked vagal afferent calcium response on CCK-A
receptors—The principal effect of CCK to activate peripheral vagal afferent processes has
been attributed to effects on the CCK-A receptor [36,40,57]. This possibility was examined in
vagal afferent varicosities in the brainstem by applying CCK [100nM] to the slice in normal
Krebs, followed by a 10min exposure to the specific CCK-A receptor antagonist, lorglumide
[1uM; Sigma-Aldrich, St Louis; [57]]; CCK [100nM] was then reapplied to the bath.
Unsulfated CCK, a selective CCK-B agonist, was also applied to the preparation in preliminary
studies and was found to have no effect on vagal terminal calcium levels. No further
experiments were performed with this agonist.

Relative proportion of vagal varicosities responding to CCK—In a subset of

experiments [17 slices obtained from 7 animals], we sought to estimate the proportion of
identified vagal profiles that respond to CCK. We functionally-identified vagal afferent
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varicosities with capsaicin [100nM; a VR1 receptor agonist and selective activator of C-type
afferent fibers] or ATP [100uM; a P2x3 agonist and selective activator of A-type fibers [30]].
The effects of CCK [100nM] on these identified fibers were examined 10 minutes after
exposing the slice to capsaicin or ATP.

Transduction mechanisms responsible for CCK evoked increases in vagal
afferent calcium responses—Previous studies [36,57] have further suggested that CCK
activates vagal afferent cell bodies by increasing transmembrane cation fluxes. Studies
performed in non-neuronal cell types [63,64] suggest that CCK can also activate intracellular
calcium release from the endoplasmic reticulum [ER]. The CCK-A receptor has the potential
to activate either or both mechanisms, in parallel, because the intracellular domain of this
receptor possesses activation domains for Gs [65] and Gq [55,67]. One downstream effect of
Gs is protein kinase A [PKA] activation and this event, in turn, is causally linked to the opening
of L-type calcium channels [23,31]. Gq activation leads to activation of phospholipase C [PLC]
and, secondarily, protein kinase C [PKC]. These events are linked with intracellular calcium
release and subsequent depolarization of excitable cell membranes [6]. With these possible
outcomes in mind, we examined the transduction mechanism(s) of CCK activation of vagal
afferent terminals by employing the same basic protocol as described, above, with lorglumide.

After the initial exposure of the slice to CCK in normal Krebs, the slice was then exposed to
one of the following during the 10min resting period:

nitrendipine [10uM; selective L-type calcium channel blocker; Sigma-Aldrich],

U73122 [10uM; selective phospholipase C antagonist; Tocris, Ellisville, MQ],

combination of U73122 and nitrendipine [each at 10uM],
*  HB89 [1uM; selective PKA antagonist; Sigma-Aldrich],
chelerythrine [10uM; selective PKC antagonist; Sigma-Aldrich],

cadmium chloride [100uM; general blocker of membrane calcium channels; Sigma-
Aldrich], OR

TTX [1uM; selective sodium channel antagonist; Sigma-Aldrich].

At the end of this 10min exposure, the slice was again perfused with CCK [100nM]. As before,
aminimum change of 20% in calcium flux [on first exposure to CCK] as evidenced by a change
in magnitude of fluorescence was required for the varicosity to be included for additional study
of underlying signaling mechanisms. For ease of comparison, data are expressed as a
percentage of the initial calcium response to 100nM CCK equal to 100%. Thus, each varicosity
served as its own control, minimizing variability. These normalized changes in calcium flux,
[AF/F]%, to the second CCK exposure [i.e., post treatment] were compared across all groups
via one-way ANOVA followed by a Dunnett’s post hoc test for significance vs. CCK time
control.

Response characteristics of CG-labeled vagal afferent varicosities to CCK

A total of 510 terminals were identified in 110 slices [N = 40 rats] that responded to an initial
application of 100nM CCK at the minimum criterion [i.e., 20% (AF/F)]. Individual vagal
afferent varicosities responding to CCK typically produce an erratic spiking calcium oscillation
[Figure 1]. When viewing a whole field of varicosities in the NST in the brainstem slice,
perfusion with CCK produces an effect on the labeled varicosities that could be described as
“sparkling” in appearance. One of the advantages of using this terminal imaging method is that
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itis possible to monitor a large field of vagal afferent varicosities and quickly determine which
of the labeled processes is viable and responsive to the peptide.

In the initial “time control” studies, varicosities were exposed to two 60sec applications of
100nM CCK spaced 10min apart. All varicosities examined [n=21] responded with similar
magnitudes of change in fluorescence to both applications of CCK [Average response to 1st
exposure: 57.0% + 9.2 (SEM) vs average response to 2nd exposure: 54.0% + 9.3; Figure 2].

Similarly, in the concentration-response studies, the criterion for the initial identification [and
inclusion] of a varicosity as being CCK-responsive required a minimum of 20% increase
fluorescence [i.e., AF/F] to the 100nM concentration of CCK. Varicosities responding with a
calcium response of less than 20% to this maximal stimulus were not included for additional
study. Once identified CCK-responding varicosities were located [N=164], slices were
exposed to a 10minwashout period before being challenged by different [lower] concentrations
of CCK. The percentage change in fluorescence to these challenges was reported and these
may have fallen below the original minimum of 20% in response to the identifying
concentration of 100nM CCK. The responses to both 10 and 100pM are small [averaging less
than 20%] but they are responsive and the threshold of detection [i.e., ~50% of the CCK-
responsive identified varicosities show a response] seems to be at 10pM concentration. These
vagal terminals responded to CCK [1pM - 100nM] in a concentration dependent manner;
ANOVA Fs 158 = 11; p<0.0001 [Figure 3]. One-tailed Dunnett's tests for significance against
the 1pM result showed that these incremental doses were statistically different; P < 0.05.

Relative proportion of vagal varicosities responding to CCK

In a subset of experiments, we sought to estimate the proportion of identified vagal profiles
that respond to CCK. Of 77 varicosities that were responsive to ATP, 24 were also responsive
to CCK [32%]. Of 102 varicosities responsive to capsaicin, 37 also responded to CCK [36%].
These values compare well to previous studies [56] that showed 24% of A-type and 38% of
C-type vagal afferent cell bodies in the nodose ganglion responded to CCK.

Cellular basis for vagal afferent terminal calcium responses to CCK

In another set of slices, varicosities were first identified as being responsive to CCK [100nM
in normal Krebs]. Ten minute exposure to the CCK-A receptor blocker, 1uM lorglumide in
Krebs, was followed by a second exposure to CCK. The effect on calcium flux of the second
CCK application was essentially blocked by lorglumide [Figure 4], thus identifying that the
calcium response is mediated by type A CCK receptors.

Normalized changes in calcium flux, (AF/F)%, to the second CCK exposure [i.e., post
treatment] were compared across all groups via one-way ANOVA [Fg 23, = 16; p<0.0001];
Dunnett’s post hoc tests for significance were made using CCK “time control” as point of
comparison; * p<0.05. CCK-induced calcium responses were significantly reduced by [refer
to Figure 4 for all transduction data]: (a) blockade of IP3 production via U73122; (b) L-channel
antagonist, nitrendipine; (c) PKA antagonist, H89; (d) PKC antagonist, chelerythrine; (e)
sodium channel antagonist, tetrodotoxin [TTX], and (f) general calcium channel blocker,
cadmium [Cd**]. Additionally, the combination of U73122 and nitrendipine had the additive
effect of essentially eliminating the CCK-induced calcium response.

Discussion

Several recent studies suggest that CCK effects to suppress feeding behavior and to alter
autonomic control of digestion are mediated by direct action of the peptide on vagal afferent
terminals in the brainstem [3,5]. These results are supported by observations that CCK
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antagonists operating preferentially within the CNS are more effective than those excluded by
the blood-brain diffusion barrier [44,46]. Our results provide the first observations of the direct
effects of CCK to increase calcium levels within identified vagal afferent terminals in the
brainstem.

Recording experiments performed on cultured nodose ganglion cells have, thus far, provided
the only direct mechanistic information available concerning CCK action on vagal afferent
neurons [36,57]. Those studies have provided valuable insight into the general mechanism of
action of CCK to increase excitability. It is possible, however, that results obtained from
cultured neurons may not accurately depict transduction events elsewhere in the cell [2,35,
39,54]. We hasten to add that recording terminal activity in an in vitro slice preparation may
also not reflect the physiological situation of the intact animal.

Results from in vitro whole cell voltage and current clamp studies of NST neurons strongly
imply that CCK can act directly on apposed vagal afferent terminals as well as on terminals
from unknown inputs [3-5]. The essential effects of vagal input to NST neurons studied using
these methods (i.e., the generation of glutamatergic post-synaptic currents) are not
controversial. However, observations of the modulation of that process can be open to
interpretation given that agonists and drugs that act on receptors and transduction processes in
the presynaptic terminal may also act on the post-synaptic cell. Direct electrical recordings
from vagal fibers and terminals with maximum cross-sections of 1 micron or less are
improbable with present electrophysiological methods [8].

Using in vitro calcium imaging methods, we find that vagal afferent terminals in the NST are
activated by CCK in a concentration-dependent manner. These processes are minimally
sensitive to concentrations of CCK at 10-100pM and robustly responsive above 1nM. Not
surprisingly, we find that the selective CCK-A antagonist, lorglumide, blocks CCK effects to
elevate calcium in central vagal afferent terminals. This validates the view that important
physiological effects of CCK on the afferent vagus are mediated by the CCK-A receptor [15,
36,57].

Electrophysiological recordings of nodose ganglion cells as well as calcium imaging studies
performed on other cell types, have implicated two potential intracellular transduction
mechanisms by which CCK may elevate cytoplasmic calcium in vagal afferents. The first
appears to involve an activation of a transmembrane ion flux, most likely through an L-type
calcium channel [36]. The second [derived from data collected in other cell types] involves
activation of intracellular calcium release from stores in the endoplasmic reticulum [64]. Our
results suggest that, for the central vagal afferent terminal, both mechanisms are triggered in
parallel. That is, while nitrendipine or U73122, alone, significantly reduce the effects of CCK
to elevate terminal calcium, the combination of these two antagonists completely block CCK
effects.

The effects of CCK to elevate calcium in vagal terminals also appear to be sensitive to blockade
of PKA by H89. A well recognized effect of PKA activation in excitable cells is the activation
of L-type calcium channels [25,60]. A less direct effect of PKA activation is the modulation
of the sensitivity of the PLC mechanism responsible for releasing calcium from ER stores
[20,52]. Itis likely that the CCK-A receptor in the vagal afferent terminal activates both a PKA-
dependent mechanism [L-channel] and a PLC-dependent mechanism [ER calcium release].
This conclusion is consistent with data that have shown that the CCK-A receptor possesses
activation domains for both Gs and Gq proteins which activate PKA and PLC mechanisms,
respectively [55,66,67]. However, the present studies on vagal afferent fibers suggest that the
PLC mechanism may be dependent on intact PKA signaling given that nearly all calcium
signaling was blocked by H89. Reports in other models suggest that PL.C activity may, indeed,
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be gated by active PKA signaling pathways [11,61]. The dominant nature of PKA influences
in regulating CCK signaling in the afferent vagus is supported by behavioral studies by Sutton
et al [58,59]. These studies demonstrated that long-term changes in NST activity related to
CCK-induced suppression of feeding behavior are based on activation of extracellular signal
related kinase [ERK] and cAMP response element binding protein [CREB]; both of these
transduction elements are activated by PKA [21].

While the dual activation of L-calcium channels and ER calcium release will certainly elevate
intracellular calcium, the ability of CCK to cause these effects also can be blocked by
tetrodotoxin [TTX] and by the generalized blockade of calcium conductances by cadmium-
replacement in the media. These observations suggest that CCK-mediated increase of calcium
in vagal afferent fibers is, ultimately, dependent on sodium channel-mediated spiking
depolarizations that are sensitive to TTX [30]. Spiking depolarizations, in turn, activate
voltage-sensitive transmembrane calcium conductances [32]. This sequence of events may
provide the mechanism to explain the erratic oscillatory calcium spiking elicited by CCK in
central vagal afferents [see Figure 1]. One transduction mechanism that can connect membrane
depolarization with the activation of both PKA and PLC involves PKC.

PKC is activated by increases in intracellular calcium and by the production of DAG by PLC
[21]. PKC, in turn, is a potent inhibitor of transient potassium conductances [e.g., AP4
sensitive] and a weak inhibitor of resting potassium conductances. Inhibition of these
potassium conductances will allow TTX-sensitive action potential-like discharges in
synaptosomes with coincident calcium spikes in terminals and an increase in transmitter
release, particularly glutamate [6,14]. Note that our present studies demonstrated that
elevations in calcium in vagal terminals could be significantly reduced by: (a) chelerythrine;
PKC inhibition, (b) Cd**; calcium channel inhibition, or (c) TTX; sodium channel inhibition.

Together, these observations suggest a mechanism by which CCK activates vagal afferent
fibers [summarized in the schematic of Figure 5]. Activation of the CCK-A receptor causes
the co-activation of PKA and PLC through the CCK-A Gs and Gq intracellular domain,
respectively. PKA causes an initial L-channel dependent increase in calcium in the terminal
and applies an essential positive bias on the activity of PLC. The resultant increase in terminal
calcium, plus the PLC-mediated production of DAG activates PKC, a potent inhibitor of
potassium conductances that normally restrain autonomous terminal spiking by maintaining a
resting potential below a level that would increase spontaneous sodium channel activity. The
resulting local depolarizations will open voltage gated calcium channels. Thus, CCK can
induce erratic, spiking, calcium oscillations in vagal afferent terminals.

Fibers and varicosities can be distinguished in the live cell imaging preparation, at least at a
gross morphological level. Figure 1, for example, shows the effects of CCK on varicosities in
the inset. Note that CCK causes considerable brightening of the varicosity but not much in the
attached branching axon. Previous work has associated the endoplasmic reticulum [ER; source
of much of the calcium produced by the action of CCK] with the varicosities and axon terminal
endings, whereas the axon fibers appear not to possess much ER [50]. Further, the L-type
calcium channels are associated with axon terminals and in this role are critical to the regulation
of presynaptic transmission plasticity [38,51]. Thus, most of the transduction machinery that
CCK operates on is localized to varicosities and axon terminals as opposed to the axon itself
and the varicosity would emerge as the most likely locus of initial CCK action. Our results
suggest that the ultimate action of CCK is to induce spiking activity in the terminal ending and
there is no reason to doubt that these spikes would be propagated throughout the afferent vagal
axon. To determine if CCK acts primarily on varicosities, followed by propagation of spikes
through the rest of the fiber, one would need to observe the effects of CCK on vagal fibers with
an extremely high-speed camera; one capable of taking 1 image per millisecond. This speed
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would allow one to track the spike propagation. Such camera systems are only now becoming
available.

Not unlike the electrophysiological studies on cultured nodose ganglion cells [36,57], our live
cell imaging studies indicate that CCK elevates intracellular calcium in vagal afferent
terminals, ultimately, by admitting it from the extracellular space. However, our imaging
methods show that this final effect is first mediated by a complex transduction chain that relies
on the regulation of intracellular calcium levels as a critical link. It would be quite interesting
to test the hypothesis that this same interdependent mechanism is responsible for activation of
the peripheral end of sensory vagal afferent fibers by the paracrine action of CCK.

The broader question of the mechanism of action of CCK to produce satiety is still
controversial. The role of the vagus in transducing the CCK signal and relaying it to brainstem
regions involved in the control of digestion and feeding behavior is well accepted, though the
details are still debated. In particular, it appears that neither peripheral nor central vagal
afferents are likely to have a large response to concentration levels of CCK found in the general
circulation. Several papers cite evidence that the amount of CCK appearing in the plasma after
nutrient stimulation of the duodenum is not sufficient to induce satiety [9,45]. This suggests
that CCK released into the duodenal extracellular milieu and the local hepatic portal circulation
can activate vagal afferent fibers in the vicinity of release, where the concentration of the
peptide is higher than in the general circulation. Indeed, reports by Calingasan [12] and Cox
[17] have shown that local injections of CCK into the arterial circulation of the proximal gut
are effective in producing satiety. The minimum amounts of exogenous CCK necessary are
higher than that found in the general circulation after a meal [i.e., 30-70pM vs 5-10pM]
[45]. However, this observation fits well with a study showing that intraduodenal HCI-induced
CCK concentrations are about 5-fold higher in portal plasma as opposed to plasma in the
general circulation [13]. Thus, these observations suggest that vagal afferents which produce
satiety are sensitive to local duodenal-portal concentrations of CCK, but not to those lower
concentrations seen in the general circulation. The present results suggest that the central vagal
afferents within the NST are at least minimally sensitive to the same concentrations of CCK
as those afferents in the duodenum that are involved in producing satiety.

This provokes the question of the physiological and behavioral significance of CCK-sensitive
vagal afferents within the NST. While they are sensitive to the similar concentrations of CCK
as is found in the portal circulation, these levels of CCK are not typically found in the general
circulation, except when CCK is injected exogenously, or, when CCK is released by tumors
in the digestive tract [1]. CCK released into the NST by central CCK-ergic efferents would
probably be more effective and the more likely source. CCK is virtually ubiquitous in the brain
and there are numerous possibilities for CCK-ergic projections to the NST that could affect
changes in the way that vagal afferents control autonomic and behavioral functions [41].
Potential sources of putative CCK-ergic terminations in the NST [7,16,28] include CCK
neurons in the reticular formation [33], paraventricular hypothalamus [34], ventral tegmental
area, cortex, and amygdala as well as the NST itself [7,28,29]. However, neither the exact
pathways nor the physiological significance of any CCK afferent projection to the NST has
yet been established.

One point that needs to be addressed in this vein concerns the use of subdiaphragmatic
vagotomy as a "proof" of peripheral versus central site of action for CCK. While peripheral
vagal nerve section may leave vagal afferent and efferent neurons generally intact from a
morphological perspective, this trauma to the peripheral vagus produces (after a delay of
several days) profound functional and microstructural changes that lead to reduced excitability
and frank degeneration [27,35,62]. So, peripheral vagotomy not only destroys peripheral vagal
sensory-motor function but it also seriously damages the remaining central components. It is
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highly unlikely that the "surviving" central components of the vagus are as sensitive to CCK
after a peripheral vagotomy.

The present report provides a mechanism for CCK action on central vagal terminals, though
it does not address the source of CCK that could activate central vagal afferent varicosities in
the intact animal. Clearly, a program of research on the specific role of circulating versus CNS
pathway-specific CCK in the regulation of the NST is critical to understanding the role of this
peptide in homeostasis.
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Figure 1.

Two characteristic examples of responses by pre-labeled vagal terminal varicosities to CCK
in the perfusion media [A-D represent the analysis of one slice; E-H represent another slice].
The complete field of view of the two brainstem slices in the live cell imaging system are shown
in (A) and (E) with the dotted boxes indicating the specific regions of interest [ROI] that were
highlighted in the remaining panels. In panels (B) and (F), the ROl is shown immediately before
the CCK stimulation. In panels (C) and (G), the ROIs are shown at the peak of their activation
response. Panels (D) and (H) are displays, over time, of the change in magnitude of fluorescence
[(AF/F)%] of the ROI indicted in (C)or (G), respectively, in response to 60sec exposure of the
slice to CCK perfusion.
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Scale bars: A and E = 80micron; B, C, F, and G = 4micron; D and H = 60sec.
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Figure 2.

“Time control” studies exposed pre-labeled varicosities to two 60sec applications of 100nM
CCK spaced 10min apart. All varicosities responded with similar magnitudes of change in
fluorescence to both applications of CCK [Average response to 15t exposure: 57.0% + 9.2
(SEM) vs average response to 2"d exposure: 54.0% + 9.3]. These data are also represented in
the normalized data in Figure 4 for point of comparison.
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Figure 3.

Pre-labeled afferent varicosities that met initial inclusion criteria for responsiveness to 100nM
of CCK demonstrated responses to CCK [1pM —100nM] in a concentration dependent manner
[ANOVA Fs5 158 = 11; p<0.0001]. These vagal terminal varicosities appear to be minimally
sensitive to CCK at concentrations of approximately 10pM [average magnitude of response
(AF/F)% = 12.6 % * 3.4 (SEM)]. One-tailed Dunnett's tests for significance against the 1pM
result showed that these incremental doses were statistically different; P < 0.05.
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Figure 4. Identification of signaling mechanisms used by CCK to activate vagal terminals

To guard against unintentional pre-conditioning or other modulatory effects on these pre-
labeled varicosities, each brainstem slice could only be used for one comparison of
responsiveness to CCK. In all cases, the responsiveness of each varicosity to an initial exposure
to CCK [100nM in normal Krebs] was determined. A minimum change of 20% change in
magnitude of fluorescence [i.e., AF/F)%], was required for the varicosity to be considered
responsive to CCK and included for additional study on underlying signaling mechanisms.
This period was followed by a 10min exposure to one of these conditions: receptor blocker
[lorglumide in Krebs], signal transduction blockers [e.g., U73122, H89, or chelerythrine], or
specific channel blockers [e.g., nitrendipine, cadmium, or TTX]. At the end of this 10min
exposure, the slice was again perfused with CCK [100nM]. For ease of comparison, data are
expressed as a percentage of the initial calcium response to 100nM CCK equal to 100%. Thus,
each varicosity served as its own control and minimized variability. Normalized changes in
calcium flux, (AF/F)% to the second CCK exposure [i.e., post treatment] were compared across
all groups via one-way ANOVA [Fg 532 = 16; p<0.0001]; Dunnett’s post hoc tests for
significance were made using CCK “time control” as point of comparison; * p<0.05.
Lorglumide effectively blocked CCK action on previously responsive vagal afferent
varicosities. CCK-induced calcium responses were significantly reduced by [refer to Figure 4
for all transduction data]: (a) blockade of IP3 production via U73122; (b) L-channel antagonist,
nitrendipine; (c) PKA antagonist, H89; (d) PKC antagonist, chelerythrine; (e) sodium channel
antagonist, tetrodotoxin [TTX], and (f) general calcium channel blocker, cadmium [Cd**].
Additionally, the combination of U73122 and nitrendipine had the additive effect of essentially
eliminating the CCK-induced calcium response.
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Figure 5. CCK activated transduction mechanisms in vagal afferent varicosities

The combination of observations from our vagal afferent terminal imaging studies and those
of previous investigators using other methods suggest that CCK activates vagal afferents by
activating protein kinase A [PKA], phospholipase C [PLC], and protein kinase C [PKC]
transduction pathways in an interdependent manner. Activation of vagal afferent terminal
varicosities by CCK is dependent on intact CCK-A receptor signaling [blocked by lorglumide,
a selective CCK-A antagonist]. CCK-A receptor causes [through adenyl cyclase] the co-
activation of PKA and PLC through the CCK-A Gs and Gq intracellular domain, respectively.
PKA causes an initial L-channel-dependent increase in terminal calcium and applies an
essential positive bias on the activity of PLC. The resultant increase in terminal calcium, plus
the PLC-mediated production of DAG activates PKC, a potent inhibitor of potassium
conductances that ordinarily restrains autonomous sodium channel-mediated terminal spiking.
Spiking terminal depolarizations permitted by PKC-potassium channel inhibition cause the
opening of voltage gated calcium channels in the terminal membrane, leading to the erratic
spiking calcium oscillations we observe after exposing the preparation to CCK [see Figure 1].
Red arrows indicate sites of drug inhibition; green arrows indicate positive interactions.
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