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Modulation of reflexly evoked vagal bradycardias by central
5-HT, 5 receptors in anaesthetized rabbits
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1 The role of central 5-HT,; A receptors in the control of the bradycardia and changes in central
respiratory drive, renal nerve activity and blood pressure evoked by stimulating cardiopulmonary
afferents with phenylbiguanide, baroreceptors by electrical stimulation of the aortic nerve and
chemoreceptors by injections of sodium cyanide (NaCN) in atenolol-pretreated anaesthetized rabbits
were studied.

—1.

2 Buspirone (100 ug kg™'; i.c.) potentiated the bradycardia (increase in R-R interval) and the
changes in blood pressure and renal nerve activity evoked by all three reflexes. These effects could be
attenuated by pretreatment with the 5-HT; receptor antagonist WAY-100635 (100 ug kg™'); i.v.),
which alone had no effect on these reflex-evoked changes. However, WAY-100635 (100 ug kg='; i.c.)
did attenuate these reflex-evoked responses produced by activation of cardiopulmonary and aortic
baroreceptors but not that caused by stimulation of chemoreceptors. When given i.v., buspirone was
less effective in modulating the responses evoked by these three reflexes.

3 The present data are consistent with the view that central 5-HT;4 receptors play a role in the
reflex activation of cardiac preganglionic vagal motoneurones. However, although antagonists of 5-
HT; A receptors affected the responses evoked by cardiopulmonary and aortic nerve afferents, they
were not effective on chemoreceptor reflex-evoked changes. This suggests that 5-HT; 5 receptors play
a different role in chemoreceptor pathways compared to that for the other reflexes. This may relate
to the fact that the chemoreceptor afferents travel in the IXth (glossopharyngeal) nerve whilst the
other afferents travel in the Xth (vagus) nerve and thus may use different central circuitry and
neurotransmitters.
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Introduction

Central applications of 5-HT;s receptor agonists have been that 5-HT immunoreactive fibres innervate these areas

shown to increase vagal drive to the heart in anaesthetized
cats (Shepheard et al., 1994), rats (Sporton et al., 1991) and
rabbits (Dando et al., 1998) and this was associated with
hypotension and sympathoinhibition. These vagal effects on
the heart may be due to actions at the level of the nucleus
tractus solitarius (NTS) where cardiovascular afferents
terminate (see Jordan & Spyer, 1986; Lawrence & Jarrott,
1996) and/or at the dorsal vagal motor nucleus (DVN) and/
or nucleus ambiguus (NA), the location of cardiac vagal
preganglionic neurones (Nosaka et al., 1979; 1982; Jordan et
al., 1982). Indeed, microinjections of 5-HT;5 receptor
agonists into the DVN (Sporton et al., 1991) or NA (Izzo
et al., 1988; Chitravanshi & Calaresu, 1992) evoke vagal
bradycardia. This is consistent with the presence of binding
sites for 5-HT;, receptors in these regions in rats (Pazos &
Palacios, 1985; Thor et al., 1992), cats (Dashwood et al.,
1988) and humans (Pazos et al., 1987) and the demonstration
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(Steinbusch, 1981), where they make synaptic contact with
cardiac vagal preganglionic neurones (Izzo et al., 1988; 1993).
Finally, ionophoretic applications of 5-HT;s receptor
agonists have been shown to have both excitatory and
inhibitory actions on neurones within the dorsal vagal
nucleus (Wang et al., 1995), nucleus ambiguus (Wang &
Ramage, 2001) and nucleus tractus solitarius (Wang et al.,
1997).

In addition to baseline cardiovascular variables, cardio-
respiratory reflexes also appear to be modified by 5-HT;a
receptor activation. The reflex fall in heart rate produced by
stimulating cardiopulmonary afferents in rats was attenuated
by central administration of 5-HT; receptor antagonists
(Bogle et al., 1990) suggesting a facilitatory role for these
receptors. However, in anaesthetized rabbits, the archetypal
5-HT A receptor agonist 8-OH-DPAT attenuated, rather than
potentiated, the vagal bradycardia evoked by stimulating
upper airway, whereas the partial agonist buspirone
(Schoeffter & Hoyer, 1988) potentiated the bradycardia
(Futuro-Neto et al., 1993). In a recent detailed study, which
re-examined the modulatory effects on this reflex this
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contradiction was explained (Dando et al., 1998). The
potentiating action of buspirone, but not the attenuating
actions of 8-OH-DPAT were antagonized by the 5-HTia
receptor antagonist WAY-100635. Thus in rabbits, buspirone
appears to act primarily on 5-HT;5 receptors, whereas the
overriding effect of 8-OH-DPAT is on 5-HT,p/;p receptors,
although from binding data it has low affinity for these
receptors (Hoyer et al., 1994). Interestingly, in those
experiments, buspirone potentiated the fall in heart rate,
but not the pressor response, renal sympatho-excitation or
apnoea evoked by stimulating upper airway receptors. This
might suggest that the agonist acts at the level of the motor
outflow rather than at the NTS where all components of the
reflex might be expected to be affected. If this were true, it
might be expected that all reflex-evoked changes in heart rate
mediated by these preganglionic neurones would be similarly
modified by buspirone. The present experiments tested this
hypothesis by comparing the reflex falls in heart rate evoked
by stimulating aortic nerve (primarily baroreceptor) afferents,
cardiopulmonary and arterial chemoreceptor afferents before
and following administration of buspirone and the 5-HT
receptor antagonist WAY-100635 (Forster et al., 1995).
Preliminary accounts of some of this work have been
published (Skinner ef al., 1997a,b,c; 1998).

Methods

The experiments were carried out under the Animals
(Scientific Procedures) Act 1986. After completion of
experiments, animals were killed by an overdose of
pentobarbitone sodium (i.v.).

General preparation

Experiments were performed on 25 male New Zealand White
rabbits (2.3—3.6 kg body weight) anaesthetized with urethane
(1.5 g kg™" given via an ear vein) and supplemented with
0.15 g kg~ ' i.v. when necessary. The level of anaesthesia was
assessed by regular monitoring of the stability of arterial
blood pressure, heart rate, phrenic nerve discharge, and the
absence of limb withdrawal in response to paw pinch. The
animal preparation was similar to that described by Dando et
al. (1998). A tracheotomy was performed low in the neck to
allow the lungs to be ventilated with Oj-enriched room air if
necessary. The right and left axillary arteries were cannulated
for measurement of arterial blood pressure using a pressure
transducer (Gould Statham P23) and to allow arterial blood
samples to be taken. Arterial blood gases were measured
(Corning 238 pH/blood gas analyser) and kept within the
ranges Po, 100-140 mmHg, Pco, 25-40 mmHg, [HCO;37]
12-20 mMol 1-! and pH 7.30-7.45. The left and right
axillary veins were cannulated for administration of drugs
and an infusion respectively. The infusion solution
(6 ml kg=! h—'), which maintained blood volume and pre-
vented non-respiratory acidosis, consisted of 50 ml each of
distilled water and gelofusin containing 0.84% (wv™')
sodium bicarbonate and 0.2% glucose. In all experiments
rabbits were pretreated with the fj-adrenoceptor antagonist
atenolol (1 mg kg™') to block sympathetic drive to the heart
(see Bogle et al., 1990). Any subsequent changes in heart rate
could be presumed to be due to changes in vagal drive to the

heart. The bladder was also cannulated to prevent overfilling
during the course of the experiments. In experiments in which
cardiopulmonary receptors were stimulated, a cannula was
inserted via the jugular vein so that its tip lay in the right
atrium. In addition, in some animals a small polyethylene
cannula (0.28 mm i.d.) was inserted into the lingual artery to
allow access to the carotid body chemoreceptors. Lead II
E.C.G. was recorded for measurement of R-R intervals.
Following placement in a stereotaxic head frame, the atlanto-
occipital membrane was exposed and a needle connected to a
100 ul Hamilton syringe used to gain access to the cisternal
space (see Dando et al., 1998). The phrenic nerve was isolated
low in the neck by a lateral approach, crushed peripherally,
and placed on bipolar silver wire recording electrodes.
Activity was amplified (Neurolog NL104) and filtered
(NL125, 0.2—10 kHz). The left renal nerve was isolated by
a retroperitoneal approach, placed on bipolar silver wire
recording electrodes and isolated from the surrounding
medium with President light body dental polyvinylsiloxane
(Coltene). Renal nerve activity (RNA) was amplified
(NL104), filtered (NL125, 100—1500 Hz) and integrated
(NL703, 20 ms time constant). In some experiments the left
aortic nerve was isolated from the vago-sympathetic trunk
and placed on bipolar silver wire stimulating electrodes and
was electrically stimulated (1 ms, 5-7.5V for 5s) at six
frequencies (5, 10, 20, 40, 80 and 160 Hz) at 2 min intervals.
In other experiments, stimulation was performed only at the
two highest frequencies. Since in the rabbit the aortic nerve
contains mainly baroreceptor afferent fibres (Neil et al.,
1949), this was taken to represent stimulation of arterial
baroreceptors. Carotid arterial chemoreceptors were stimu-
lated by bolus injections (8—189 ug kg=") of 0.075-0.5%
sodium cyanide, through the catheter inserted into the lingual
artery. Cardiopulmonary afferents were stimulated by injec-
tions of phenylbiguanide (PBG; 7—-40 ug kg~') into the right
atrium (Dawes & Comroe, 1954; Coleridge & Coleridge,
1984). PBG acts on 5-HTj; receptors to activate these vagal
afferents (Kay & Armstrong, 1990). For stimulation of
carotid chemoreceptors and cardiopulmonary afferents doses
of sodium cyanide and phenylbiguanide were chosen that
evoked submaximal changes in heart rate.

Protocols

To compare directly the effects of ligands on the different reflex
responses, in each animal two different stimuli were given
alternately. A schematic diagram of the protcols used in these
experiments is shown in Figure 1. Control stimuli were repeated
until consistent heart rate responses of similar magnitude were
attained. Five minutes following a stimulus the selective
fi-adrenoceptor antagonist atenolol (I mg kg™'; iv.) was
administered. After injection of the atenolol the stimuli were
resumed until consecutive responses of similar magnitude were
produced. Buspirone, saline vehicle (Figure la,b) or WAY-
100635 (Figure 1c) were then administered either i.c. in a
volume of 20 ul or i.v. in a volume of 1 ml given over 20 s and
the alternating stimuli resumed. In some experiments the
buspirone injection was preceded by intravenous administra-
tion of WAY-100635 (Figure l1a and b—shaded).

Protocol 1 Investigation of the effect of buspirone on
responses evoked by stimulation of cardiopulmonary
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Figure 1 Diagrams illustrating the experimental protocols used to
investigate: (a) the effects of drug or vehicle applied i.c. or i.v. on the
cardiorespiratory responses evoked alternately by stimulating
cardiopulmonary afferents with PBG and electrical stimulation of
the aortic nerve afferents at increasing frequencies. In some
experiments (shaded) the effects of buspirone were tested following
intravenous pre-treatment with the 5-HT;s receptor antagonist
WAY-100635. (b) the effects of drug or vehicle applied i.c. or i.v.
on the cardiorespiratory responses evoked alternately by stimulating
cardiopulmonary afferents with PBG and the carotid chemoreceptors
with sodium cyanide (NaCN). In some experiments (shaded) the
effects of buspirone were tested following pre-treatment with the 5-
HT,5 receptor antagonist WAY-100635 i.v. (c) the effects of the
5-HT;o receptor antagonist WAY-100635 applied i.c. on
the cardiorespiratory responses evoked alternately by electrical
stimulation of aortic nerve afferents and cardiopulmonary afferents
with PBG or carotid chemoreceptors with sodium cyanide (NaCN).

afferents (PBG) and aortic nerve stimulation. Five minutes
after administration of atenolol, alternate PBG and aortic
nerve stimuli at six different frequencies (5, 10, 20, 40, 80 and
160 Hz) at 2 min intervals were made. PBG was given first,
followed 2.5 min later by the first aortic nerve stimulation.
Another PBG stimulus was given 2.5 min after the last aortic
stimulation. After a control period of three PBG stimuli and
two sets of aortic nerve stimulation, saline or buspirone were
given i.c. 2.5 min after the last PBG injection. Five minutes
after the i.c. injection of the test solution the cycle (length
15 min) of PBG and aortic nerve stimuli were repeated for a
period of 45 min (see Figure 1a). To test the involvement of
5-HT, 4 receptors in the effects of buspirone on the reflexes,
in some experiments (Figure la, shaded) WAY-100635 was
given i.v. 2.5 min after the third PBG stimulus. After 5 min a
cycle of PBG and aortic nerve stimuli were performed.
Buspirone was injected i.c. 2.5 min after the last aortic
stimulation and 5 min after this i.c. injection the cycles of
PBG and aortic stimuli were repeated.

Protocol 2 Investigation of the effect of buspirone on
responses evoked by stimulation of carotid chemoreceptor

and cardiopulmonary (PBG) afferents. Five minutes after
administration of atenolol, alternate PBG (acting as a
positive control) and NaCN stimuli were performed at
5 min intervals. Five minutes after the third NaCN injection
buspirone or saline were administered i.c. followed 5 min
later by PBG and then 5 min later NaCN and so on (see
Figure 1b). To test the involvement of 5-HT; receptors in
the effects of buspirone on these reflexes, in some experiments
(Figure 1b, shaded) WAY-100635 was given i.v. 5 min after
the third NaCN injection and 5 min later PBG was injected
followed by NaCN and then PBG. Five minutes after this
injection of PBG buspirone was administered i.c. and 5 min
later the alternating stimuli recommenced.

Protocol 3 Investigation the effect of WAY-100635 on the
responses evoked by stimulation of carotid chemoreceptor,
cardiopulmonary and aortic nerve afferents. One and a half
min after atenolol administration the aortic nerve was
stimulated at 80 Hz and then 2 min later at 160 Hz. After
a further 1.5 min a NaCN or PBG injection was carried out.
This pattern was then repeated twice at 10 min intervals.
WAY-100635 was given i.c. 5 min after the last of these
NaCN or PBG injections and 1.5 min later the 80 Hz
stimulation was performed and the cycles resumed (see
Figure 1c).

Analysis of data

Arterial blood pressure, ECG, phrenic nerve activity, raw and
integrated renal nerve activity were recorded onto a computer
hard disk and optical disk (Panasonic LF7010) using a CED
1401 +interface and Spike2 data collection software. Heart
rate was derived electronically from the blood pressure signal
using a tachometer (Grass Instruments 7P4). The R-wave of
the ECG was discriminated using an amplitude discriminator
(Neurolog NL201, Digitimer) and R-R intervals calculated
from the output using Spike2 data analysis software. R-R
intervals were measured immediately before a reflex stimulus
and at the maximal R-R interval attained. From these two
measurements, the reflex change in R-R interval was obtained
(max R-R interval-baseline R-R interval). Mean arterial
pressure (MAP), calculated as diastolic pressure + (systolic
pressure-diastolic pressure)/3, and was derived immediately
before a stimulus (baseline) and at the peak response.
Changes in MAP (peak response MAP-baseline MAP) were
calculated for each response. Renal nerve activity was
rectified and integrated with a 20 ms time constant using an
EMG integrator (Neurolog NL 703; Digitimer Ltd.). The
mean level of integrated RNA (IRNA) for the 30 s periods
prior to (baseline) and following a reflex stimulus was derived
using a Spike2 data analysis script, and the reflex change
calculated (reflex IRNA-baseline IRNA). Due to the shorter
duration of the responses, in the case of the baroreceptor
reflexes, renal nerve activities were derived over 10 s periods.
Since the absolute values of RNA vary substantially between
animals, the mean control values of the baseline and reflex
changes in IRNA were normalized to 100%. Changes evoked
by the drug were then compared to these pre-drug values.
Raw phrenic nerve activity (PNA) was displayed using Spike2
data analysis package. The mean rates of phrenic bursts over
the 30 s period prior to and immediately following each
stimulus  were calculated. For all measured variables
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statistical analyses were performed using ANOVA (2-way for
chemoreceptor and cardiopulmonary reflexes, 3-way for
baroreceptor reflexes) and least significant difference test to
allow time-matched comparison of drug-induced changes
with those of vehicle alone. Changes in baseline or response
size were calculated by subtracting the mean control value
before the drug from the absolute value at any given time
after treatment. The changes in these values were compared
with the relevant values obtained at the same time points in
the vehicle treatment group. All values are expressed as
mean +s.e.mean. Differences in mean were taken as sig-
nificant when P <0.05.

Drugs and solutions

Drugs and chemicals were obtained from the following sources:
urethane, atenolol, buspirone (8-(4-(4-(2-pyrimidinyl)-1-piper-
azinyl)butyl)-8-azaspirol(4,5)decane-7,9-dione hydrochloride)
and WAY-100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]-
ethyl]-N-(2-pyridinyl)cyclohexanecarboxamide trichloride)
from Sigma Aldrich Chemical Co., Poole, Dorset, U.K.;
sodium cyanide from Merck, Poole, Dorset, U.K. and
gelofusin from Braun Medical Ltd, Aylesbury, Bucks. U.K.
All drugs were dissolved in 0.9% saline.

Results
Effect of 5-HT, 4 receptor ligands on baseline variables

The resting baseline values of the cardio-respiratory
variables measured in each of the experimental groups of
animals are given in Table 1. For each experimental drug
regime, the change in these baseline variables at 5 and
20 min following drug or vehicle administration are also
given. There were no significant differences between baseline
variables in any of the groups. The effects of buspirone and
WAY-100635 on these baseline values are similar to those
reported previously (Dando et al., 1998) and thus will only
be summarized briefly (see Table 1). Administration of the
saline vehicle had no significant effect on any of the

measured variables at any of the time points. Central
administration of buspirone (200 ug kg=!', i.c.) produced
significant increases in R-R interval (fall in heart rate) and
phrenic burst rate as described previously (Dando et al.,
1998). Within 5 min renal nerve activity increased by
70+38% and this was associated with a small and
significant increase in arterial blood pressure (6 +7 mmHg).
However, renal nerve activity soon returned to control levels
and this was associated with a significant decline in blood
pressure (—17+4 mmHg from baseline). The buspirone-
evoked increases in baseline R-R interval and phrenic rate
were not observed when the same dose of buspirone was
given intravenously.

Central administration of the 5-HT;5 receptor antagonist
WAY-100635 (100 pug kg~'; i.c.) had no significant effects on
any of the cardiorespiratory variables measured. However,
5 min after i.v. administration, renal nerve activity had
significantly increased by 24+ 6% and phrenic burst rate had
significantly declined by 241 burst min~'. Further, i.v.
WAY-100635 only significantly attenuated the i.c. buspirone-
evoked bradycardia, although the renal sympatho-excitation
was no longer significant when compared to vehicle.

Effect of 5-HT; 4 receptor ligands on cardiopulmonary
afferent-evoked changes caused by right atrial injection of
phenylbiguanide

Right atrial bolus administration of phenylbiguanide (PBG,
7-40 ug kg='; n=30) evoked an increase in R-R interval of
39+3 ms from a control of 240+4 ms and a fall in renal
nerve activity of 46+3%. Mean arterial blood pressure was
reduced by 30+ 1 mmHg from a control of 81 +2 mmHg and
phrenic burst rate increased by 31+2 from 71+2 bursts
min~"'. These reflex changes usually occurred within 2 s of the
PBG stimulus and returned to baseline within 30 s, except for
the changes in phrenic rate, which sometimes took up to
2 min to return to baseline (see Figure 2). The size of the
reflex responses evoked in the individual experimental groups
of animals are shown in Figure 3 along with the effect on the
size of the reflex response at 5 and 20 min following each
drug or vehicle administration.

Table 1 Resting (baseline) mean arterial blood pressure (MAP; mmHg), R-R interval (ms) and phrenic nerve activity (burst min—")
before vehicle or drug and changes (A) in these baseline variables including per cent change in renal nerve activity (RNA; %) 5 and 20
min following saline vehicle or drug challenge in atenolol (1 mgkg~") pretreated spontaneously breathing anaesthetized rabbits

Experimental Baseline AMAP Baseline R-R
group n MAP 5 min 20 min interval
Saline 20 plic. 5 8249 —543 —3+1 221412
Buspirone 5 7449 6+7%  —174+4*%*  232+12

200 ugkg~'i.c.
WAY-100635

100 ugkg'iv. 5 83+6 4+3 - 23046
Buspirone

200 pgkg~'i.c.

(after WAY-

100635 i.v.) 5 8748 124+ 8** —194+3** 22346
Buspirone

200 ugkg='iv. 4 8846 —15+2%FF —11+2 213412
WAY-100635

100 ugkg='ic. 6 85+7 —10+6 —9+2 244+7

AR-R interval Baseline A Phrenic rate ARNA (%)
5 min 20 min  phrenic rate 5 min 20 min 5 min 20 min
—14+4 —10+7 66+4 542 543 345 1438
6+5 39+11%* 8448 16+15 26+7% 70+38%* —6+20
—6+3 - 67+3 —2+1* - 24+ 6* -
9+9 10+4*tf  64+3 2+6 1243 23+17 —37+13
442  0+3ft 7042 342 —4+ 11 =204 T7*FF —3247**
243 4+5 61+3 2+2 3+5 29+14 —16+8

*P<0.05; **P<0.01 compared to vehicle. 1P<0.05; 1P <0.01 compared to buspirone alone i.c. (—) indicates that data was not

collected for this time point—see protocols.
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Figure 2 Traces from an anaesthetized spontaneously breathing rabbit pretreated with atenolol (1 mg kg~ '; i.v.) showing the effects on arterial
blood pressure (BP), heart rate (HR), integrated phrenic nerve activity (IPNA) and integrated renal sympathetic nerve activity (IRNA),
produced by right atrial bolus injection of phenylbiguanide (PBG; 10 ug kg™') before and 5 min after administration of WAY-100635

(100 ug kg~ '; i.c).

After administration of saline (20 uli.c; n=5) the
reflex responses evoked by PBG were not significantly
different from control stimuli. However, intracisternal (i.c.)
administration of buspirone (200 ug kg~'; n=>5) significantly
potentiated the reflex increase in R-R interval by 124 + 56 ms
from 38+ 8 ms after 20 min (Figure 3) compared with saline.
Within 5 min buspirone had also attenuated the reflex
hypotension by 12+4 mmHg, the renal sympathoinhibition
by 69+22%, and the increase in phrenic rate by 23 + 7 bursts
min~'. Pretreatment with WAY-100635 (100 ug kg="' i.v.)
had no significant effect on the cardiopulmonary reflex
responses but it significantly reduced the effects of buspirone
on these responses. Buspirone still attenuated the reflex
increase in phrenic rate but did not attenuate the reflex
hypotension, renal sympathoinhibition or potentiate the
increase in R-R interval. Buspirone given intravenously was
without effect on the reflex bradycardia hypotension or renal
sympathoinhibition. However, it did produce a small
attenuation of the tachypnoea (Figure 3). Central adminis-
tration of WAY-100635 attenuated all the effects of
cardiopulmonary afferent stimulation on the variables
recorded (Figure 3). Within 5 min the reflex increase in R-
R interval (56 +6 ms) was significantly reduced by 46+ 6 ms
and the reflex hypotension, tachypnoea and renal sympatho-
inhibition were reduced by 22+4 mmHg, 16+ 8 bursts min~!
and 48+ 11%, respectively.

Effect of 5-HT 4 receptor ligands on aortic nerve-evoked
responses

Control electrical stimulation of the left aortic nerve (5—
7.5V, 1ms, 5-160 Hz) evoked reflex increases in R-R

interval, inhibition of renal sympathetic nerve activity
and hypotension, which were frequency dependent
(Figures 4 and 5). Maximal responses were obtained at
80 Hz, those evoked by stimulation at 160 Hz were not
significantly greater. Stimulation of the aortic nerve at
20 Hz and above evoked a small but not statistically
significant increase in phrenic burst rate, and this did
not increase further on increasing frequency of stimula-
tion (Figure 5).

The effects of buspirone and WAY-100635 on these
responses were investigated using the protocols shown in
Figure la,c. Although the effects of ligands were tested on
all frequencies of stimulation, this description will concen-
trate on those evoked by 80 Hz stimuli as representative of
the group. The size of the reflex responses evoked in the
individual experimental groups of animals and the effect on
the size of the reflex response to 80 Hz stimulation 7.5 and
22.5 min following each drug or vehicle administration are
shown in Figure 6. Since the aortic nerve stimuli evoked
only small changes in phrenic burst rate and none of the
ligands had any effect on these responses, this will not be
considered further (see Figure 5). Within 7.5 min of its
application, buspirone (200 ug kg='; i.c.) potentiated the
aortic nerve stimulation-evoked increases in R-R interval
(Figure 5). The response to 80 Hz stimulation was
significantly increased from 34+8 ms to 124+33 ms, an
increase of 89+29 and this was still apparent after 22.5 min.
Despite the larger falls in heart rate there were small but
significant reductions in the hypotensive responses over the
same timescales, although renal evoked sympathoinhibition
was unaffected. Administration of the same dose of
buspirone i.v. failed to cause any significant change in the
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Figure 3 Atenolol (I mg kg™ '; i.v.) pretreated spontaneously breathing anaesthetized rabbits: histograms showing the size of the PBG-evoked
decrease in mean arterial pressure (MAP), increase in R-R interval, increase in phrenic burst rate and decrease in renal sympathetic nerve
activity (RNA) before (control, left columns), at 5 (middle columns) and 20 min (right columns) following administration of saline (20 pl, i.c.;
n=>5), buspirone (200 ug kg™'; i.c.; n=>5), buspirone (200 ug kg~'; i.c.) following pretreatment with WAY-100635 (100 ug kg~'; i.v.; n=5),
buspirone (200 ug kg™ '; i.v.; n=4) and WAY-100635 (100 ug kg~ '; i.c.; n=6). It should be noted that WAY-100635 i.c. study has been carried
out using a different protocol to the rest of the data and thus time after drugs is different (5 and 15 min). Each column shows the mean change
in the size of the reflex and bars show s.e.mean. Changes caused by the treatment have been compared with time-matched controls. *P<0.05,
**P<0.01 compared to vehicle (saline); #P<0.05, ##P <0.01 compared to buspirone i.c. alone.

reflex decreases in R-R interval or blood pressure at the
40 Hz stimulation frequency but it did significantly
potentiate the 80 Hz evoked-bradycardia at 7.5 min though
this was significantly smaller than that observed for the i.c.
route of administration (Figure 6). WAY-100635
(100 ug kg=") given i.v. was without effect on any of the
reflex responses. Nevertheless this dose of WAY-100635
significantly attenuated the ability of buspirone to potentiate
the reflex bradycardia and to reduce the reflex hypotension,
although this only occurred at the 80 Hz frequency (Figure
6). A full data set for 160 Hz aortic stimulation has not
been included for the sake of clarity as it did not differ from
that of 80 Hz. Using another experimental protocol (Figure
Ic) within 1.5 min of i.c. administration, WAY-100635
(100 ug kg=') significantly reduced the reflex bradycardia
and hypotension evoked by 80 or 160 Hz stimulation
(Figures 6 and 7). Interestingly, the renal sympathoinhibition
evoked by aortic nerve stimulation at 160 Hz was also
significantly attenuated by 73+14% (Figure 7).

Effect of 5-HT; 4 receptor ligands on carotid
chemoreceptor-evoked responses

Carotid arterial chemoreceptors were stimulated by bolus
injections of NaCN (8-189 pug kg™') into the carotid
artery. As a group (n=25) chemoreceptor stimuli increased
R-R interval by 2943 ms, renal nerve activity by
744 14%, phrenic burst rate by 1441 bursts min—' and
mean arterial blood pressure by 8+1 mmHg. These reflex
changes occurred within 2 s of the injection of NaCN,
were short lasting, and returned to normal values within
30 s. The effects of buspirone and WAY-100635 on these
responses were investigated using the protocols shown in
Figure 1b,c. The size of the reflex responses evoked in the
individual experimental groups of animals and the effect
on the size of this reflex response 10 and 20 min following
each drug or vehicle administration are shown in Figure 8.
Saline i.c. had no significant effect on any of the reflex
responses. In contrast, within 10 min of administering
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Figure 5 Anaesthetized spontaneously breathing rabbit pretreated
with atenolol (1 mg kg™'; i.v.) showing the changes (A) from
baseline in mean arterial blood pressure (MAP), R-R interval and
phrenic burst rate evoked by aortic nerve stimulation (5—7.5 v, 1 ms)
at increasing frequencies 7.5 min after saline (20 ul; i.c.) or buspirone
(200 ug kg~ '; i.c.). Each point represents the mean value and the
error bars show s.e.mean (n=15), *P<0.05, **P<0.01 compared to
saline i.c.

buspirone i.c. the reflex increase in R-R interval was
significantly potentiated from a control of 31+7 ms to
86+24 ms (Figure 8). The reflex increase in renal
sympathetic nerve activity was also potentiated and this

became significant at 20 min (9264 304%). Associated with
this increased renal sympathoexcitation there was a non-
significant increase in the reflex pressor response from a
control of 54+2 mmHg to 12+ 1 mmHg. Buspirone had no
significant effects on the reflex tachypnoea.

Pretreatment with WAY-100635 i.v. had no significant
effects on the chemoreceptor-evoked responses. Never-
theless, such pre-treatment attenuated the potentiating
effects of buspirone on the chemoreceptor reflex (Figure
8). The increase in the magnitude of the bradycardia seen
at 10 and 20 min following buspirone were both abolished
and at 20 min the increased pressor response and
sympatho-excitation were also returned to control levels
(Figure 8). Following intravenous administration of
buspirone there was significant potentiation of both the
reflex bradycardia and renal sympathoinhibition at the
10 min time point (Figure 8). Using another protocol (see
Figure 1lc) i.c. administration of WAY-100635 was
demonstrated to have no significant effect on any of the
chemoreceptor reflex responses measured (Figure 7),
though it did significantly modulate those evoked by
aortic nerve stimulation (Figure 6) and cardiopulmonary
afferent activation (Figure 3).

Discussion
Reflex bradycardia

The present experiments are consistent with the observa-
tions of Futuro-Neto er al. (1993) and Dando et al. (1998)
in demonstrating in anaesthetized rabbits that buspirone
can potentiate reflex evoked bradycardias. This effect of
buspirone is almost certainly due to activation of 5-HT;a
receptors since it is attenuated by the selective 5-HT;a
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; 1.v.) pretreated spontaneously breathing anaesthetized rabbits: histograms showing the changes in the size of

the aortic nerve-evoked (80 Hz decrease in mean arterial pressure (MAP), increase in R-R interval and decrease in renal sympathetic nerve
activity (RNA) before (control, left columns), at 7.5 (middle columns) and 22.5 min (right columns) following administration of saline (20 ul,
i.c.; n=>5), buspirone (200 ug kg~ '; i.c.; n=>5), buspirone (200 ug kg~ ", i.c.) following pretreatment with WAY-100635 (100 ug kg~ '; i.v.; n=>5),
buspirone (200 ug kg~ '; i.v.; n=4) and WAY-100635 (100 ug kg~'; i.c.; n=06). It should be noted that WAY-100635 i.c. study has been carried
out using a different protocol to the rest of the data and thus time after drugs is different (1.5 and 11.5 min). Each column shows the mean
change in the size of the reflex and bars show s.e.mean. Changes caused by the treatment have been compared with time-matched controls.
*P<0.05, **P<0.01 compared to saline #P <0.05, ##P<0.01 compared to buspirone i.c. alone.

receptor antagonist WAY-100635 (Forster et al., 1995) at a
dose which did not affect the reflex per se though there are
reports that buspirone can antagonize dopamine receptors
(McMillen et al., 1983). The ability of i.v. WAY-100635 to
attenuate the effect of the exogenous agonist, buspirone,
but not that of the endogenous transmitter, 5-HT, is most
likely to be simply one of concentration, i.e. when given i.v.
the brainstem concentration of WAY-100635 is high
enough to block the effects of buspirone but not synaptic
transmission involved in this reflex pathway. This is
supported by the observation that the same dose of
WAY-100635 given i.c. did attenuate the cardiopulmonary
afferent and aortic nerve evoked falls in heart rate. Similar
differences between the effects of i.v. and i.c. application of
WAY-100635 has already been reported for the upper-
airway evoked bradycardia in anaesthetized rabbits (Dando
et al, 1998) and the reflex-evoked bronchoconstriction
in anaesthetized cats and guinea-pigs (Bootle et al,
1996; 1998). Thus, 5-HT;s receptors appear to play a
physiological role in the reflex activation of cardiac vagal
preganglionic neurones by cardiopulmonary afferents in rats
(Bogle et al., 1990), cats (Wang & Ramage, 2001) and

rabbits (present study; Dando er al., 1998). In addition, in
rabbits they appear to have a similar role in the reflex
bradycardias evoked by upper-airway (Dando et al,
1998) and aortic baroreceptor (present study) but not
chemoreceptor afferents (present study). However, as with
the other reflexes, direct activation of 5-HT;, receptors
does potentiate the chemoreceptor reflex-evoked bradycar-
dia, but the reason these 5-HT;, receptors are not utilized
as part of the reflex pathway remains to be determined.
One difference between the chemoreceptor reflex pathways
and the other reflexes that have been tested is that the
chemoreceptor afferents travel in the glossopharyngeal
(IXth) nerve, whilst the others are vagal (Xth) nerve
afferents. Thus, it would be interesting to compare the
effect of WAY-100635 on aortic nerve response with those
of carotid baroreceptor stimulation. Interestingly, the
micturition reflex which involves activation of sacral
parasympathetic outflow also involves the central activation
of 5-HT;a receptors (Testa et al., 1999; Conley et al.,
2001). Thus, failure to demonstrate the involvement of
central 5-HT;o receptors in the control of the
chemoreceptor reflex is intriguing.
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Figure 7 Traces from an anaesthetized spontaneously breathing rabbit pretreated with atenolol (1 mg kg™'; i.v.) showing the effects on arterial
blood pressure (BP), heart rate (HR), integrated phrenic nerve activity (IPNA) and integrated renal nerve sympathetic activity (IRNA) produced
by (A) aortic nerve stimulation (160 Hz) and (B) injection of sodium cyanide (NaCN) via lingual artery before and after administration of

WAY-100635 (100 ug kg~ '; i.c.).

Reflex and baseline changes in blood pressure and renal
sympathetic outflow

Activation of all three reflexes evoked changes in blood
pressure and renal nerve activity. Cardiopulmonary and
aortic nerve stimulation evoked decreases in both variables.
The depressor responses were attenuated by buspirone and at
least in the case of the aortic nerve reflex this would seem to

be central action as the effect was greater when buspirone
was administered i.c. This action of buspirone did not show
any overt relationship between the evoked changes in resting
blood pressure caused by buspirone i.c. or i.v. Chemoreceptor
stimulation evoked increases in both blood pressure and renal
nerve activity but buspirone had no effect on the pressor
response. Interestingly, buspirone i.c. has previously been
shown to have no effect on the pressor response to upper-
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**P<0.01 compared to saline. #P<0.05, ##P<0.01 compared to buspirone i.c. alone.

airway receptor activation (Dando et al., 1998). These effects
of buspirone on the reflex changes in blood pressure could be
attenuated by i.v. WAY-100635 indicating at least part of
these effects on evoked changes in blood pressure is mediated
by 5-HT;A receptors. However, i.c. administration of WAY-
100635 alone, which had no effect on baseline variables, also
attenuated the depressor responses evoked by aortic nerve
and cardiopulmonary afferent stimulation. Furthermore, as
with the bradycardic response, WAY-100635 i.c. was without
effect on the chemoreceptor evoked pressor response, though
in the same experiment it attenuated the aortic nerve evoked

depressor response (Figure 7) and it has previously been
shown to attenuate the pressor response to upper-airway
receptor activation (Dando et al., 1998). Thus the reflex
evoked changes in blood pressure, with the exception of the
chemoreceptor response, involves activation of 5-HTja
receptors. The surprising observation that the antagonist
(WAY-100635) and agonist (buspirone) had similar effects is
likely related to the partial agonist action of buspirone at 5-
HT s receptors (see Hoyer et al., 1994).

Although the present experiments do not provide absolute
proof as to the central or peripheral location of the 5-HTj
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receptors involved in regulating blood pressure, previously
published data on 5-HT;4 receptors in cardiovascular control
would favour a central site (see Ramage, 2000). Similar falls
in baseline blood pressure were evoked whether buspirone
was administered i.c. or i.v. and surprisingly, (although only
the i.c. route was tested), these were unaffected by i.v.
administration of WAY-100635, suggesting that buspirone
must be acting at other receptors to produce these effects.
One possibility is the fact that buspirone has some affinity for
o;-adrenoceptor subtypes (Eltze et al., 1999) and hence may
be acting partially through these receptors.

The reflex changes in blood pressure described above are
probably mediated by changes in sympathetic outflow.
Indeed, the observed effects of buspirone and WAY-100635
on renal nerve activity would support this. Buspirone
attenuated the reflex sympathoinhibition but only for the
cardiopulmonary reflex did this reach significance and this
effect was blocked by i.v. WAY-100635. As with the blood
pressure response, WAY-100635 given i.c. also attenuated the
sympathoinhibition.

Changes in central inspiratory drive, i.e. phrenic nerve
activity

Activation of the three reflexes increased phrenic burst rate
though the aortic nerve response was very small. In the case
of cardiopulmonary and aortic nerve afferent responses it is
difficult to determine how much of the increase is due to
activation of the afferents themselves and how much to the
concomitant fall in blood pressure which would be expected
to increase phrenic nerve activity by activating arterial
chemoreceptors (see Daly, 1997). Buspirone i.c. attenuated
the increase in phrenic nerve rate caused by cardiopulmonary
afferents and this could be reduced by pre-treatment with i.v.
WAY-100635. However, such pre-treatment with WAY-
100635 also significantly reduced the attenuation of the
hypotension produced by buspirone i.c. WAY-100635 i.c.
also inhibited the cardiopulmonary evoked increase in
phrenic nerve burst rate but again the evoked depressor
response was also attenuated. Thus it is difficult to determine
whether activation of 5-HT; 4 receptors can affect the increase
in phrenic burst rate. The increase in phrenic burst rate
caused by chemoreceptor afferents activation was only
significantly attenuated by buspirone administered via the
i.v. route. Thus, the data is equivocal for a role of 5-HT
receptors in these reflex evoked increases in phrenic nerve
burst activity caused by activation of these afferents.
Previously, the apnoea produced by activation of upper
airway afferents was shown to be unaffected by buspirone or
WAY-100635 (Dando et al., 1998). On the other hand, i.c.
buspirone does cause an increase in baseline phrenic burst
rate which is blocked by i.v. WAY-100635. This would be
consistent with other data showing that activation of central
5-HT;a receptors can increase respiratory rate (Gillis et al.,
1989; Shepheard et al., 1990; Sporton et al., 1991; Anderson
et al., 1992; Lalley et al., 1994).

Site of action

The possible sites of action of the ligands applied by the current
protocols were discussed in detail in a previous publication (see
Dando et al., 1998). Recent experiments in anaesthetized cats
demonstrated that ionophoretic application of WAY-100635 to
the vicinity of cardiac vagal preganglionic neurones in the
nucleus ambiguus can attenuate their activation by cardiopul-
monary afferents (Wang & Ramage, 2001). However, activa-
tion of 5-HT,A receptors can also modulate activity of other
vagal preganglionic neurones in the dorsal vagal nucleus (Wang
et al., 1995), neurones in the nucleus tractus solitarius, the site
of termination of these visceral afferents (Wang et al., 1997) and
also pre-sympathetic vasomotor neurones in the rostral
ventrolateral medulla (Wang & Lovick, 1992). Although the
above data favours location of the parasympathetic pregan-
glionic neurones for the observed modulation of the evoked
bradycardias, the other sites may be important for the
modulation of the sympathetic component of the reflex and
baseline changes observed. All these areas receive serotonergic
innervation (Steinbusch, 1981). There are several possible sites
of origin of these 5-HT containing pathways. Anatomical
studies have localized serotonin-containing neurones projecting
to the NTS in the midline raphé nuclei (magnus, obscurus and
pallidus) and in the ventral medulla, lateral to the pyramidal
tract (Thor & Helke, 1987). Similar groups of 5-HT containing
neurones in raphé obscurus, pallidus, magnus and adjacent
parapyramidal nucleus also innervate preganglionic neurones
in the nucleus ambiguus (Haxhiu ez al., 1993).

In conclusion, the present data confirms the importance of
central 5-HT;5 receptors in the control of the vagal
bradycardia evoked by activation cardiopulmonary afferents
and extends this to that produced by stimulation of aortic
nerve afferents. The present data also demonstrates that
chemoreceptor evoked vagal bradycardias can also be
potentiated by activation of 5-HT;, receptors. However,
unlike the other reflexes studied, chemoreceptor stimulation
does not appear to recruit 5-HT;, receptors. A possible
explanation for this difference may lie in the fact that those
reflex-evoked bradycardias that have been demonstrated to
involve the activation of 5-HT;, receptors involve Xth nerve
afferents, whilst those for the chemoreceptor reflex travel in
the IXth nerve and thus there may be a difference in the
circuitry and transmitters. In addition, the present data also
demonstrates, at least for cardiopulmonary and the aortic
baroreceptor reflexes, the involvement of 5-HT; receptors
extends to the sympathetic mediated changes observed. Thus
the combined data indicates important roles for central 5-HT
containing neurones in the reflex evoked changes in
parasympathetic and sympathetic outflows.
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Skinner was a British Heart Foundation PhD student.
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