
Roles for CCK1 and 5-HT3 receptors in the effects of CCK on

presympathetic vasomotor neuronal discharge in the rat

1,2Mitsuhiko Saita & *,1Anthony J.M. Verberne

1Department of Medicine, Clinical Pharmacology and Therapeutics Unit, Austin and Repatriation Medical Centre, University of
Melbourne, Heidelberg, Victoria 3084, Australia

1 The role of peripheral 5-hydroxytryptamine (5-HT3) receptors and cholecystokinin type 1 (CCK1)
receptors in the inhibitory effects of phenylbiguanide (PBG) and CCK on arterial blood pressure,
heart rate and the discharge of presympathetic vasomotor neurones of the rostral ventrolateral
medulla (RVLM) was studied in a-chloralose-anaesthetized rats.
2 CCK (1 and 4mg kg�1, i.v.) and PBG (2 and 10 mg kg�1, i.v.) reduced arterial blood pressure and
heart rate, and inhibited the discharge of single RVLM presympathetic vasomotor neurones in a dose-
related manner.

3 Devazepide (0.5mg kg�1, i.v.), a selective CCK1 receptor antagonist, blocked the effects of CCK
on arterial blood pressure, heart rate and neuronal discharge but did not significantly alter these
responses to PBG. MDL72222 (0.1mgkg�1, i.v.), a selective 5-HT3 receptor antagonist, blocked the
effects of PBG on arterial blood pressure, heart rate and presympathetic neuronal discharge.
MDL72222 attenuated the effects of CCK on arterial blood pressure, heart rate and RVLM
presympathetic neuronal discharge. Vehicle did not significantly alter any of the responses to CCK or
PBG.

4 These experiments suggest that systemically administered CCK acts directly through CCK1
receptors to modulate sympathetic vasomotor function. In addition, the actions of CCK also are
partly dependent on activation of 5-HT3 receptors. CCK may release 5-HT which then acts at 5-HT3
receptors to produce sympathetic vasomotor inhibition. In contrast, the actions of PBG are entirely
dependent on 5-HT3 receptors and are independent of any actions at the CCK1 receptor.
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Introduction

Vagal afferent nerves arise from a wide variety of structures

within the abdominal viscera and the cardiopulmonary region

(Berthoud & Neuhuber, 2000). They sense a broad range of

biological signals including local concentrations of gastro-

intestinal hormones, cytokines, sugars, lipids, monoamines or

mechanical distortion of the structures which they innervate

(Berthoud & Neuhuber, 2000; Verberne et al., 2003). Activa-

tion of some of these chemosensitive vagal afferent pathways

can have profound effects on the circulation by influencing

sympathetic outflow to the vasculature and the heart. Agonists

at the 5-hydroxytryptamine (5-HT3) receptor such as phenyl-

biguanide (PBG) and 1-(m-chlorophenyl)-biguanide are

powerful activators of the sympathoinhibitory reflex known

as the von Bezold – Jarisch reflex (Kilpatrick et al., 1990;

Verberne & Guyenet, 1992). Inhibition of sympathetic

vasomotor function produced by activation of the von Bezold

– Jarisch is relatively uniform and occurs regardless of the type

of vascular bed. Thus, activation of this reflex results in

inhibition of renal, lumbar, splanchnic and adrenal sympa-

thetic outflow and prominent hypotension (Veelken et al.,

1990; Verberne & Guyenet, 1992; Sevoz et al., 1996; Scrogin

et al., 1998; Cao & Morrison, 2000; Schreihofer & Guyenet,

2000). The intramedullary pathway that mediates this reflex

has been identified (Verberne & Guyenet, 1992) and appears to

be similar to the trisynaptic model described for the baroreflex

pathway (Guyenet et al., 1987).

A key feature of the mechanism through which 5-HT3
receptor agonists influence sympathetic vasomotor function is

inhibition of the discharge of presympathetic vasomotor

neurons of the rostral ventrolateral medulla (RVLM) (Ver-

berne & Guyenet, 1992; Vayssettes-Courchay et al., 1997;

Verberne et al., 1999). In accord with the effects on

sympathetic vasomotor outflow, activation of 5-HT3 receptors

uniformly inhibits the discharge of RVLM presympathetic

neurons (Verberne et al., 1999; Sartor & Verberne, 2002).

The gastrointestinal peptide cholecystokinin (CCK) is a

potent activator of gastrointestinal vagal afferent nerve fibres

(Blackshaw & Grundy, 1990; Widdop et al., 1994; Yoshida-

Yoneda et al., 1996; Kurosawa et al., 1997) and has selective

effects on sympathetic vasomotor outflow (Sartor & Verberne,

2002). CCK also selectively inhibits the discharge of a
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subpopulation of RVLM presympathetic neurons (Sartor &

Verberne, 2002) suggesting that its effects are mediated by a

mechanism different to that of PBG. On the other hand, it has

been suggested that some of the effects of CCK are mediated

by release of 5-HT (Blackshaw & Grundy, 1993; Daughters

et al., 2001).

In this study, we have examined the selectivity of the

inhibitory effects of PBG and CCK on RVLM presympathetic

neuronal discharge and determined whether these effects occur

exclusively through activation of 5-HT3 receptors and CCK1
receptors, respectively.

Methods

All experiments were performed using male Sprague – Dawley

rats (250 – 380 g) and were approved by the Ethical Review

Committee of the Austin and Repatriation Medical Centre

(Heidelberg, Victoria, Australia) and complied with the

principles outlined in the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes.

General procedures

Rats were tracheostomized after induction of anaesthesia

produced by placement into a chamber saturated with

halothane vapour (FluothaneTM, Zeneca, Macclesfield, U.K. ).

After cannulation of the trachea, all animals were ventilated

artificially with 100% O2 (1ml 100 g
�1 body weight, 40 – 60

breaths min�1) containing 1.3 – 1.5% halothane. The deep

surgical level of anaesthesia produced by halothane was

maintained throughout the entire surgical procedure where

the absence of firm paw pinch and corneal probing responses

were used to verify the depth of anaesthesia. Core temperature

was maintained at 36 – 381C using a servo-controlled heating.

The left carotid artery and left jugular vein were cannulated to

measure arterial blood pressure and heart rate and for

intravenous drug administration, respectively.

After the completion of all surgery, the inspired halothane

concentration was gradually reduced to zero and a-chloralose
(70mg kg�1, i.v.) was administered slowly over a 20 – 30min

period. Once an appropriate level of anaesthesia was achieved,

as ascertained by application of the tests described above, the

paralysing agent pancuronium bromide (1 – 2mg kg�1, i.v) was

administered. After neuromuscular blockade was established,

the stability of the arterial blood pressure and heart rate record

and the absence of a pressor response to firm hindlimb toe

pinch were used as indications of adequate anaesthesia.

Supplements of a-chloralose (20 – 25mg kg�1, i.v.) were

administered as needed according to the above criteria, or on

an hourly basis. Adequacy of anaesthesia was also confirmed

before administration of pancuronium supplements (0.3 –

0.5mgkg�1). Pancuronium was supplemented hourly or as

indicated by a muscle twitch response to spinal stimulation.

Note that the pancuronium has detectable vagolytic actions

and so reduces the bradycardic actions of PBG.

Extracellular single unit recording

In addition to the general procedures outlined above, an

inflatable occlusive cuff was placed around the abdominal

aorta just below the level of the diaphragm. This was used to

produce a precisely controlled elevation of arterial blood

pressure in order to stimulate the baroreceptors. Rats were

then placed into a stereotaxic apparatus and the dorsal

cerebellar surface was exposed by removal of a portion of

the interparietal bone. A bipolar electrode was placed on the

mandibular branch of the right facial nerve which, when

stimulated (0.1ms pulses, 0.5Hz, 0.3 – 1.0mA), produced an

antidromic field potential within the facial motor nucleus of

the ventral medulla. The magnitude of the field potential was

used to identify the caudal, medial and ventral contours of the

facial motor nucleus as previously described (Brown &

Guyenet, 1985; Verberne et al., 1999). A bipolar electrode

was also placed into the dorsolateral funiculus of the thoracic

spinal cord (T2 – T3) enabling antidromic activation of

spinally projecting, barosensitive neurons within the RVLM.

Invariant antidromic latency and the collision test were

used to establish the antidromic nature of spikes produced

by spinal stimulation (0.5Hz, 0.5ms duration, 0.3 – 2.5mA

intensity). Conduction velocities of spinal axons were

calculated by dividing the straight-line distance between the

recording electrode and the spinal stimulating electrode (in

metres) by the antidromic latency (in seconds). Only

barosensitive cells that were collision test positive were

included in the study. Glass microelectrodes (2mm OD)

containing 0.5M sodium acetate and 2% Pontamine sky blue

were used to record extracellularly from neurons in the

RVLM. The signals were amplified (� 1000), filtered (400 –
4000Hz) and monitored using an oscilloscope and an audio

amplifier. The effects of CCK (1 and 4 mg kg�1, i.v.) or PBG (2
and 10 mg kg�1, i.v.) on arterial blood pressure and the

discharge rate of RVLM barosensitive, spinally projecting

neurons were recorded and stored onto video tape together

with the blood pressure responses. Neuronal discharge

rates were measured at rest prior to manipulation of arterial

blood pressure levels or injection of any drugs. A change

in discharge rate was calculated by counting the total number

of spikes over the period of the response and expressing

this is as a percentage of the total number of spikes ob-

served over a period of the same duration prior to drug

administration.

The doses of CCK and PBG were submaximal and were

chosen on the basis of previous reports (Verberne & Guyenet,

1992; Verberne et al., 1999; Sartor & Verberne, 2002).

Only one neuron was studied in each experiment. CCK-

sensitive RVLM presympathetic neurons are a subpopulation

of the total population of spinally projecting, barosensitive

cells in the RVLM (Sartor & Verberne, 2002). These are

usually neurons with spinal axonal conduction velocities in the

lightly myelinated range. After confirmation of the identity of

a CCK-sensitive RVLM presympathetic vasomotor neuron,

doses of PBG (2 and 10mg kg�1, i.v.) or CCK (1 and 4mg kg�1,
i.v.) were administered in random fashion. These were

repeated after administration of the selective CCK1 receptor

antagonist devazepide (0.5mg kg�1, i.v.) (Louie et al., 1988) or

the selective 5-HT3 receptor antagonist MDL72222

(0.1mg kg�1, i.v.) (Fozard, 1984) or a vehicle consisting of

dimethyl sulphoxide/polyethyleneglycol 400 (9 : 1), diluted 1 : 1

with normal saline (0.9% NaCl w v�1). In the vehicle

experiments, after repeat administration of the agonists,

devazepide (0.5mg kg�1, i.v.) was administered followed by

readministration of PBG (10 mg kg�1, i.v.) and CCK (4 mg kg�1,
i.v.).
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Histological analysis of recording sites

Recording sites within the RVLM were marked by ionophoretic

deposition of Pontamine sky blue from the recording electrode. At

the conclusion of each unit recording experiment, the animals

were deeply anaesthetized with pentobarbitone sodium (Nembu-

tal, Rhone Merieux Australia, Pinkenba, Queensland, Australia;

60mgkg�1, i.p.) prior to transcardiac perfusion with 4%

formaldehyde/Tris buffered saline (0.05M, pH 7.6) solution and

the brains were collected for histological verification of recording

sites. Brains were sectioned using a cryostat and mounted onto

gelatin-subbed slides and were stained for Nissl substance using

Cresyl violet. Recording sites were identified under the light

microscope and were mapped onto standard maps of the rat brain

with reference to a rat brain atlas (Paxinos & Watson, 1997).

Data analysis and statistics Extracellular action potentials,

arterial blood pressure, heart rate and stimulation pulses were

recorded onto video tape using a PCM data acquisition system

(Vetter Instruments, Rebersburg, PA, U.S.A.). Signals were

analysed off-line using a Cambridge Electronic Design data

acquisition system (CED, Cambridge, U.K.) and Spike2

software. Data are expressed as means7s.e.m. Percentage
changes in neuronal discharge rate were calculated by counting

the number of spikes occurring during the response to each

agent and expressing this value as a percentage of the number

of spikes occurring over the same period prior to administra-

tion of the test agent. Data are expressed as means7s.e.m.
Differences between means were compared by one-way

ANOVA followed by a Tukey–Kramer test. Po0.05 was
considered as the level of significance.

Figure 1 An RVLM presympathetic neuron and the effects of CCK (4 mg kg�1, i.v.) and PBG (10 mg kg�1, i.v.) before and after
devazepide (CCK1 receptor antagonist, 0.5mg kg

�1, i.v.). (a) Barosensitivity. The discharge of the neuron is slowed and briefly
silenced by gradual elevation of arterial blood pressure (AP) produced by aortic occlusion (AOc). (b) Spinal projection. Spinal
stimulation (arrow) elicits a constant latency neuronal spike (top two traces). Spinal stimulation applied within a critical period after
arrival of a spontaneous spike results in collision (bottom trace). (c) Systemic injection of CCK reduces AP and inhibits the
discharge of the neuron (upper panel). After devazepide administration, the responses to CCK administration are blocked (lower
panel). (d) Systemic administration of PBG reduces AP and inhibits the discharge of the RVLM neuron (upper panel). After
devazepide, the responses to PBG are essentially intact (lower panel). Note spike amplitude modulation in panels (a, c and d).
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Drugs

a-Chloralose (30mgml�1; Sigma-Aldrich, Castle Hill, Austra-
lia) was dissolved in 2% sodium tetraborate. PBG (Aldrich

Chemical Co., Milwaukee, WIS, U.S.A.), MDL72222

(1aH,3a,5aH-tropan-3-yl-3,5-dichloro-benzoate; Tocris, Bris-
tol, U.K.) and CCK octapeptide (sulphated form; American

Peptide Co., Sunnyvale, CA, U.S.A.) were dissolved in normal

saline (0.9% wv�1 NaCl). PBG and CCK were injected in a

volume of 0.1ml kg�1. Devazepide (L-364,718; Merck Re-

search Laboratories, Rahway, NJ, U.S.A.) was dissolved in

dimethyl sulphoxide/polyethyleneglycol 400 (9 : 1) followed by

1 : 1 dilution with normal saline.

Results

Effect of devazepide on CCK- and PBG-induced cardiovascular

responses and inhibition of RVLM presympathetic neurons

All 15 RVLM presympathetic neurons were recorded in 15

separate experiments and had the following properties: (i)

barosensitivity (resting discharge was silenced or markedly

inhibited by elevation of arterial blood pressure using gradual

aortic occlusion), (ii) CCK sensitivity, (iii) PBG sensitivity, (iv)

spinal projection (collision test positive; Figures 1b and 3d)

and (v) location (all neurons were found within 0 – 500 mm of
the caudal pole of the facial motor nucleus). Figure 1 depicts

an example of an RVLM presympathetic vasomotor neuron

and the influence of the CCK1 receptor antagonist devazepide

on CCK- and PBG-induced inhibition of neuronal discharge.

Note that the effects on neuronal discharge of arterial pressure

elevation (Figure 1a), CCK administration (Figure 1c) and

PBG administration (Figure 1d) are all accompanied by

significant spike amplitude modulation. Prior to devazepide

administration, systemic administration of CCK (4 mg kg�1,
i.v.) produced a depressor response which is accompanied by a

reduction, and subsequent silencing, of the discharge of the

neuron (Figure 1c). After recovery, devazepide administration

blocked the effect of readministration of CCK. In the same

experiment, devazepide failed to affect the inhibitory response

to PBG (Figure 1d).

Figure 2 depicts the influence of devazepide on the mean

arterial blood pressure (MAP), heart (HR) rate and neuronal

discharge responses to PBG (2 and 10mgkg�1, i.v.) and CCK (1
and 4mgkg�1, i.v.) for a group of five neurons recorded in five
separate experiments. The mean spinal axonal conduction

velocity for this group of neurons was 4.870.7ms�1 (n¼ 5).
Devazepide had no significant effects on either the depressor,

bradycardic or neuronal inhibitory effects of PBG (n¼ 5
neurons). In contrast, devazepide blocked all of the effects of

CCK on cardiovascular function and neuronal discharge

(Po0.05 for all comparisons). Devazepide treatment did not
significantly alter baseline MAP, HR or unit discharge (Table 1).

Effect of MDL72222 on CCK- and PBG-induced
cardiovascular responses and inhibition of RVLM
presympathetic neurons

Figure 3 depicts the influence of the selective 5-HT3 receptor

antagonist MDL72222 (0.1mg kg�1, i.v.) on the depressor and

neuronal discharge effects of PBG (10 mg kg�1, i.v.) and CCK

(4 mg kg�1, i.v.). MDL72222 blocked the effects of PBG on

arterial blood pressure and inhibition of RVLM neuronal

discharge (Figure 3c). In addition, MDL72222 attenuated the

effects of CCK on RVLM presympathetic neuronal discharge

(Figure 3b).

Figure 4 depicts the effect of MDL72222 on the MAP, HR

and neuronal discharge responses to PBG (2 and 10mg kg�1,
i.v.) and CCK (1 and 4mg kg�1, i.v.) for a group of five neurons
recorded in five separate experiments. The mean spinal axonal

conduction velocity for this group of neurons was

4.470.6m s�1 (n¼ 5). MDL72222 significantly reduced the
bradycardic and neuronal inhibitory effects of PBG (2 mg kg�1,
i.v.) and the depressor, bradycardic and neuronal inhibitory

effects of the higher dose of PBG (10 mg kg�1, i.v.) (Po0.05 for
all comparisons; n¼ 5 neurons). In addition, MDL72222
significantly attenuated the effects of CCK (1 mg kg�1, i.v.)
on neuronal discharge and all of the effects on cardiovascular

function and neuronal discharge of the higher dose of CCK

(4 mg kg�1, i.v.) (Po0.05 for all comparisons). MDL72222
treatment did not significantly alter baseline MAP, HR or unit

discharge (Table 1).

Effect of vehicle on CCK- and PBG-induced cardiovas-
cular responses and inhibition of RVLM presympathetic
actions

Figure 5 depicts the effects of vehicle administration on the

MAP, HR and neuronal discharge responses to PBG

Figure 2 The effects of the CCK1 receptor antagonist devazepide
(0.5mg kg�1, i.v.) on depressor, bradycardic and neuronal inhibitory
responses to PBG (2 and 10 mg kg�1, i.v.) and CCK (1 and 4 mg kg�1,
i.v.). Open bars, predevazepide; filled bars, postdevazepide. All
values are expressed as mean7s.e.m. for n¼ 5 experiments (one
neuron was studied per experiment). Abbreviations: DFR, change in
neuronal firing rate; DHR, change in heart rate; DMAP, change in
mean arterial blood pressure.
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(10mg kg�1, i.v.) and CCK (4 mg kg�1, i.v.) for a group of five
neurons recorded in five separate experiments. The mean

spinal axonal conduction velocity for this group of neurons

was 4.570.4m s�1 (n¼ 5). Vehicle had no significant effect on
the magnitude of the depressor, bradycardic or neuronal

inhibitory effects of PBG or CCK. In the same animals, vehicle

administration was followed by devazepide (0.5mg kg�1, i.v.).

Devazepide blocked the effects of CCK (Po0.05 for all
comparisons) but had no influence on the responses to PBG

(P40.05 for all comparisons). Vehicle administration had no
significant effect on MAP, HR or basal spike discharge rate

(Table 1).

Location of extracellular neuronal recording sites

Histological identification of the Pontamine Sky blue iono-

phoretic deposits made at the recording sites indicated that all

neurons were located in an area of the rostral ventrolateral

medulla (Figure 6).

Discussion

Chemical stimulation of inhibitory vagal afferents has

profound effects on regional sympathetic vasomotor outflow

Figure 3 An RVLM presympathetic neuron and the effects of PBG (10 mg kg�1, i.v.) and CCK (4 mg kg�1, i.v.) before and after
MDL72222 (5-HT3 receptor antagonist, 0.1mg kg

�1, i.v.). (a) Barosensitivity. The discharge of the neuron is slowed and eventually
silenced by gradual elevation of arterial blood pressure (AP) produced by aortic occlusion (AOc). (b) Systemic administration of
PBG reduces AP and inhibits the discharge of the RVLM neuron (upper panel). After MDL72222, the responses to PBG are
blocked (lower panel). (c) Systemic injection of CCK reduces AP and inhibits the discharge of the neuron (upper panel). After
MDL72222 administration, the responses to CCK administration are attenuated (lower panel). (d) Spinal projection. Spinal
stimulation elicits a constant latency neuronal spike (top two traces and bottom trace). Spinal stimulation applied within a critical
period after arrival of a spontaneous spike results in collision (third trace from top).
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and the discharge of RVLM presympathetic neurons (Ver-

berne & Guyenet, 1992; Veelken et al., 1997; Verberne et al.,

2003). As demonstrated in a number of previous studies, 5-

HT3 receptor agonists such as PBG activate the von Bezold –

Jarisch reflex through stimulation of 5-HT3 receptors on vagal

afferents arising largely from the cardiopulmonary region

(Evans et al., 1990; Kilpatrick et al., 1990; Bell et al., 1993).

These agents also produce significant reduction of arterial

blood pressure because they inhibit sympathetic vasomotor

outflow to a number of different vascular beds and target

organs (Veelken et al., 1990; Verberne & Guyenet, 1992; Sevoz

et al., 1996; Cao & Morrison, 2000; Schreihofer & Guyenet,

2000; Sartor & Verberne, 2002). This property is reflected in

the inhibitory actions of 5-HT3 receptor agonists on the

discharge of RVLM presympathetic neurons (Verberne &

Guyenet, 1992; Verberne et al., 1999). Thus, the majority of

RVLM presympathetic neurons are inhibited by activation of

cardiopulmonary 5-HT3 receptors. It has been established that

the central neurocircuitry that mediates the sympathoinhibi-

tory actions of 5-HT3 receptor agonists resembles that of the

trisynaptic model proposed for the arterial baroreceptor

vasomotor reflex (Verberne & Guyenet, 1992; Verberne et al.,

2003). This model proposes that RVLM presympathetic

neurons are inhibited by activation of a population of

GABAergic propriomedullary neurons in the caudal ventro-

lateral medulla. It remains to be established whether or not

CCK-induced inhibition of RVLM presympathetic neurons

proceeds via a similar mechanism.

Figure 4 The effects of the 5-HT3 receptor antagonist MDL72222
(0.1mg kg�1, i.v.) on depressor, bradycardic and neuronal inhibitory
responses to PBG (2 and 10 mg kg�1, i.v.) and CCK (1 and 4mg kg�1,
i.v.). Open bars, MDL72222; filled bars, post-MDL72222. All values
are expressed as mean7s.e.m. for n¼ 5 experiments (one neuron
was studied per experiment). Abbreviations: DHR, changes in heart
rate; DMAP, changes in mean arterial blood pressure.
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A limitation of the present study is that the agonists PBG,

CCK and the antagonists devazepide and MDL72222 were

administered systemically. However, several lines of evidence

suggest that these drugs are acting at peripheral sites. Firstly,

we have previously shown that the actions of CCK on arterial

blood pressure and splanchnic sympathetic nerve discharge are

dependent on intact vagal afferents (Sartor & Verberne, 2002).

Similarly, the sympathoinhibitory effects of PBG are sensitive

to vagal section (Mohr et al., 1987; Evans et al., 1990).

Secondly, CCK1 receptors and 5-HT3 receptors are found on

the cell bodies of vagal afferents and are transported to

peripheral sites by axonal transport mechanisms (Zarbin et al.,

1981; Kilpatrick et al., 1990; Lin & Miller, 1992; Corp et al.,

1993; Uneyama et al., 2002). Taken together, these observa-

tions suggest that the antagonists devazepide and MDL72222

block the actions of CCK and PBG by blocking the respective

receptors located on vagal afferent neurones.

In this study, we have confirmed and extended the results of

a previously published investigation which indicated that CCK

inhibits the discharge of a subpopulation of RVLM presym-

pathetic neurons through activation of CCK1 receptors (Sartor

& Verberne, 2002). In addition, we have demonstrated that the

inhibitory action of CCK1 receptor activation on RVLM

presympathetic neuronal discharge is dependent, at least in

part, on the activation of 5-HT3 receptors. Several studies have

demonstrated that some of the actions of CCK are dependent

on activation of 5-HT3 receptors (Blackshaw & Grundy, 1993;

Daughters et al., 2001). This phenomenon is by no means

universal since the actions of agonists at these receptors on

mesenteric vagal afferents are largely, but not completely,

independent (Hillsley & Grundy, 1998). On the other hand, a

preliminary report suggests that a proportion of nodose

ganglion neurons respond to both CCK1 and 5-HT3 receptor

stimulation (Simasko et al., 2002). These observations support

those made by previous investigators that some of the actions

of CCK are dependent on release of 5-HT. A strong possibility

is that CCK releases 5-HT from gastrointestinal enterochro-

maffin cells (Chey & Chang, 2001).

A number of other conclusions may be drawn from the

results of the present study. Firstly, CCK does not simply

mimic 5-HT to produce inhibition of RVLM presympathetic

neuronal discharge. CCK selectively inhibits a subpopulation

of RVLM presympathetic neurons, which belong to a group

which tend to have fast-conducting spinal axons and which are

generally phenotypically nonadrenergic neurons (Schreihofer

& Guyenet, 1997; Sartor & Verberne, 2002). In this respect, it

is apparent that CCK does not activate the von Bezold –

Jarisch reflex. Secondly, the inhibitory actions of CCK on

RVLM neuronal discharge were, in part, dependent on 5-HT

since the effects of CCK were attenuated by the 5-HT

antagonist MDL-72222. In contrast, the effects of PBG were

insensitive to devazepide, a selective CCK1 receptor antago-

nist. CCK may activate a subpopulation of abdominal vagal

afferents, which send inhibitory signals to some RVLM

presympathetic neurons via an unidentified intramedullary

pathway.

It is also of interest to compare the bradycardic effects of

PBG and CCK. PBG elicits a reflex bradycardia which is a

Figure 5 Effects of vehicle and devazepide on MAP, HR, and
firing rate (FR) responses to systemic administration of PBG
(10 mg kg�1) and CCK (4 mg kg�1). Open bars, prevehicle; hatched
bars, postvehicle. Devazepide (0.5mg kg�1 i.v.; filled bars) abolished
CCK-induced decreases in MAP, HR and FR but vehicle did not
alter any parameter. Vehicle consisted of dimethyl sulphoxide
(45%), polyethyleneglycol (5%), and saline (0.9% NaCl w v�1;
50%). DMAP, DHR and DFR are changes relative to preinjection
levels. Values are means7s.e.m. for n¼ 5 experiments (one neuron
was studied per experiment). **Po0.01; ***Po0.001.

Figure 6 Location of RVLM recording sites. The symbols repre-
sent deposits of Pontamine Sky blue ejected iontophoretically from
the recording electrode. Open circles: vehicle experiments (n¼ 5
neurons); filled circles, devazepide experiments (n¼ 5 neurons); open
triangles, MDL72222 experiments (n¼ 5 neurons). Abbreviations:
4V, fourth ventricle; Amb, ambiguus nucleus; NTS, solitary tract
nucleus; py, pyramid; ROb, raphé obscurus nucleus; Sp5I, spinal
trigeminal nucleus, interpolar region.
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component of activation of the von Bezold – Jarisch reflex

(Verberne et al., 1987). In contrast, CCK-induced bradycardia

is not influenced by vagotomy (Sartor & Verberne, 2002) and

can be demonstrated in vitro in the isolated perfused heart

(Marker & Roberts, 1988). Although it remains a possibility

that the direct negative chronotropic actions of CCK mask the

reflex actions of the peptide, it appears that CCK-induced

bradycardia is not mediated by a vagovagal reflex.

Upon careful inspection of the effects of CCK and PBG on

RVLM neuronal discharge, it is apparent that these agents

reduce neuronal discharge rate and simultaneously increase the

magnitude of the extracellularly recorded neuronal spike. This

phenomenon of spike amplitude modulation also occurs when

the baroreceptor pathway is activated. Spike amplitude

modulation has been previously attributed to activation of a

GABAergic inhibitory input, which results in a decrease in

neuronal input resistance (Sun & Guyenet, 1985). GABAergic

mechanisms have been implicated in both baroreceptor-

mediated inhibition and von Bezold – Jarisch reflex-mediated

inhibition of RVLM presympathetic vasomotor neurons (Sun

& Guyenet, 1985; Verberne & Guyenet, 1992). This raises the

possibility that CCK-induced inhibition of RVLM presympa-

thetic vasomotor neurons is mediated by activation of a

GABAergic input.

In conclusion, the inhibitory effect of CCK on the discharge

rate of a subpopulation of RVLM presympathetic vasomotor

neurons is dependent on CCK1 receptors and also, in part, on

5-HT3 receptors. In addition, CCK does not activate the von

Bezold – Jarisch reflex. Instead, it has selective effects on

RVLM presympathetic neuronal discharge, which may be

mediated by an unidentified propriomedullary GABAergic

pathway.
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