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1 This study investigated the effects of galanin (GAL) on inhibition of cholinergic (vagal) activity in
the mouse heart using control galanin knockout (GAL-KO) and GAL-1R receptor knockout (GAL-
1R-KO) mice.

2 In pentobarbitone anaesthetised mice, supramaximal stimulation every 30 s of the vagus nerve
innervating the heart, increased pulse interval (PI) by approximately 50ms or decreased heart rate by
approximately 100 beatsmin�1. This response was attenuated by intravenous administration of GAL
(dose ranged from 0.8 to 13 nmol kg�1) in a dose-dependent manner.

3 In GAL-KO mice, the magnitude of inhibition of the increase in PI (DPI) following a bolus dose of
GAL was not different from the DPI in control mice, and neuropeptide Y (NPY), previously shown to
attenuate vagal inhibitory activity in mice, evoked a comparative inhibition of DPI in GAL-KO mice.

4 In GAL-1R-KO mice, an intravenous, bolus injection of GAL had no inhibitory effect on vagal
activity.

5 In control mice, stimulation of the sympathetic nerve at 25V, 10Hz for 2min in the presence of
propranolol evoked a long-lasting attenuation of DPI. The inhibitory effect on DPI was reduced in the
presence of the NPY Y2 antagonist, BIIE0246.

6 In GAL-1R-KO mice, stimulation of the sympathetic nerve in the presence of propranolol evoked
an attenuation of DPI not significantly different from the response in control mice in the presence of
BIIE0246. Following administration of BIIE0246 in GAL-1R-KO mice, the inhibition of DPI that
followed stimulation of the sympathetic nerve was abolished.

7 These findings support the view that the nerve terminals of parasympathetic neurons in the mouse
heart possess both GAL-1R and NPY Y2 receptors which, when activated, reduce acetylcholine
release.
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Introduction

Galanin (GAL) is a 29/30 amino-acid neuropeptide, first

isolated from porcine gut in 1983 (Tatemoto et al., 1983), and

is widely distributed throughout the central and peripheral

nervous systems. It has been found in numerous autonomic

ganglia and has been implicated in the sympathetic control of

organ function of several systems, including the cardiovascular

system. It has a diverse range of biological activity which

affects cognition/memory, sensory/pain processing, feeding

behaviour and neurotransmitter/hormone secretion and its

action is mediated via specific receptors (Crawley, 1996; Iismaa

& Shine, 1999). Radioligand assays using 125I-GAL suggest the

existence of pre- and postsynaptic activity mediated by GAL

neurons in the nucleus tractus solitarius (nTS) and the dorsal

motor nucleus of the vagus (dmnX) of the rat. High densities

of GAL immunoreactive nerve terminals were found within

the medial subnucleus of the nTS, in the periventricular region

and within the medial part of the dmnX. High densities of
125I-GAL binding sites were also found in the entire medial and

lateral part of the nTS (Harfstrand et al., 1987). The presence

of GAL in both the nTS and dmnX suggests a role for GAL in

vagal control/modulation.

Centrally, GAL coexists with neurotransmitters including

noradrenaline (NAd) in the locus coerulus and with acetylcho-

line (ACh) in basal forebrain neurons which project to the

hippocampus (Melander et al., 1985). In monkey hippocam-

pus, GAL inhibits potassium-evoked release of ACh and

muscarinic receptor-mediated stimulation of phosphoinositide

turnover, acting as a modulator of cholinergic function (Fisone
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et al., 1991). In the periphery, high numbers of GAL

immunoreactive neurons were found in the stellate, coeliac,

lower lumbar and sacral sympathetic ganglia of the cat, many

colocalised with neuropeptide Y (NPY)-containing cells

(Kummer, 1987). GAL-positive cell bodies have also been

detected in the parasympathetic submandibular and spheno-

palatine ganglia in the cat (Lindh et al., 1989).

In the heart, GAL evokes a long-lasting attenuation of

cardiac vagal activity in the cat, with no effect on blood

pressure (BP), while NPY increases BP but has no inhibitory

effect on cardiac vagal activity (Revington et al., 1990). In the

Australian possum (Trichosurus vulpecula), GAL and not NPY

is colocalised with NAd in the thoracic sympathetic ganglia

(Morris et al., 1992). In this species exogenous GAL, but not

NPY, attenuated cardiac vagal activity, mimicking the effect of

sympathetic stimulation and increasing BP (Courtice et al.,

1993). While GAL has not been detected as yet in sympathetic

nerves in humans, it has been detected in the adrenal medulla

and pancreatic tissue, and increased plasma levels of GAL

have been reported in humans postexercise (Legakis et al.,

2000). Intravenous infusion of GAL in humans increased

resting heart rate (HR), possibly by decreasing sinus arrhyth-

mia (Carey et al., 1993). GAL was also proposed to be a

modulator of sympathetic transmission in humans, as it

reduced the potentiating effect of pyridostigmine-induced

cholinergic enhancement on release of NAd (degli Uberti

et al., 1996). It was suggested that GAL achieved the reduction

in NAd release by decreasing preganglionic cholinergic

stimulation of sympathetic postganglionic neurons.

Three receptors have been cloned for GAL; they are GAL-

1R, GAL-2R and GAL-3R (Parker et al., 1995; Howard et al.,

1997; Kolakowski Jr et al., 1998). One receptor (GAL-1R) has

been detected in the heart of the mouse (Wang et al., 1997),

and GAL-1R has been identified in mouse whole-heart

preparations (Xu et al., 1995). In humans, there is considerable

peripheral expression of the GAL-1R receptor, with highest

levels in the heart (Sullivan et al., 1997).

The aim of this study was to examine the effects of GAL on

cardiac vagal activity in mice. The effects of exogenous GAL

were observed on cardiac vagal activity in anaesthetised

control, GAL-KO and GAL-1R-KO mice.

Methods

Animals

All experiments were conducted with the approval of the

Animal Care and Ethics committee of UNSW, and in

accordance with the code of practice for Use of Animals of

the National Health and Medical Research Council of

Australia.

Mice homozygous for the targeted disruption of the

neurotransmitter GAL, galanin knockout (GAL-KO, 129

SvJ background; Wynick et al., 1998) and homozygous for

the disruption of the galanin 1R receptor knockout (GAL-1R-

KO, 129 SvJ background; Jacoby et al., 2002a, b) aged

between 12 and 30 weeks were bred by Dr Tiina Iismaa

(Garvan Institute of Medical Research, Darlinghurst, Aus-

tralia). Control mice for each of the knockout groups were of

the same background.

Experimental procedure

Control, GAL-KO and Gal-R1-KO mice of each sex were

anaesthetised with sodium pentabarbitone (Nembutal, Boeh-

ringer-Ingelhiem; 30mg kg�1, i.p.). Supplementary doses of

anaesthetic were given as required throughout the experi-

mental period (1 : 10 diluted with saline). The trachea was

cannulated, high in the neck of each mouse and attached to a

positive pressure rodent ventilator (Ugo Basile 6025). Each

mouse was artificially ventilated for the duration of the

experiment. Respiratory rate and tidal volume were adjusted

and blood gases were monitored via a blood gas analyser

(Corning 278 blood gas analyser) to allow fine adjustment of

ventilation parameters (pO2E80mmHg, pCO2E40mmHg,

pH 7.4). Blood gases were checked several times throughout

the experimental period and if necessary, adjustments were

made to either tidal volume or frequency of respiratory pump.

After any adjustment, blood gases were rechecked. The

femoral artery was cannulated for continuous recording of

arterial BP via a Statham physiological pressure transducer

(P23XL), and the femoral vein was cannulated for adminis-

tration of drugs. Temperature was monitored via a rectal

probe and maintained at 37711C. Subcutaneous needle

electrodes were used to record the electrocardiogram (ECG),

which was displayed on a storage oscilloscope (Gould 1401) to

monitor correct triggering of pulse interval (PI) record. The

ECG was used to obtain PI (time between heart beats)

following processing with Neurolog modules (Digitimer,

England: NL 200, 303, 601). Both PI and BP were recorded

on a Grass polygraph (Model 79, Grass Instruments) and

digitally stored using a data acquisition and analysis system

(Grass Instruments, Polyview). Resting PI (the time between

heart beats) and mean arterial pressure (MAP) were obtained

prior to and after cutting both vagus nerves high in the neck.

The nerves were cut to eliminate vagally mediated reflex effects

on HR, occurring when BP increases following injection of

peptide.

Vagal isolation

The peripheral end of the right vagus nerve was cleared of

connective tissue, placed across platinum electrodes and

stimulated every 30 s at a supramaximal voltage of 7.5V,

1ms, 2–4Hz for 5 s using a square wave stimulator (Grass

SD9). The frequency chosen for use was that which increased

PI byB50ms (i.e. at a resting PI of 151ms, an increase in PI of

50ms is equivalent to a decrease in HR of 98 beatsmin�1 for

control mice (HR change from 397 to 299 beatsmin�1); a

decrease in HR of 111 beatsmin�1 for GAL-KO mice with a

resting PI of 141ms (HR change from 425 to 314 beatsmin�1:

see Figure 1a top panel); in GAL-1R-KO mice with a resting

PI of 130ms, an increase in PI of 50ms is equivalent to a

decrease in HR of 128 beatsmin�1 (HR change from 461 to

333 beatsmin�1) and in the corresponding control mice to a

change in HR of 145 beatsmin�1 (HR change from 496 to

351 beatsmin�1: see Figure 1a bottom panel)). The change in

PI (DPI) evoked by vagal stimulation is linearly related to

stimulation frequency and not dependent on the resting PI (see

Parker et al., 1984), while the magnitude of the fall in HR in

response to stimulation of the vagus nerve is dependent on the

resting HR and not linearly related. We chose to use DPI
because of its linear relationship to stimulus frequency.
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Sympathetic isolation

In the mouse, it was not possible to identify the cardiac nerve

as done in the rat due to its size and location (Smith-White

et al., 2002). Therefore, a fine nerve that lay in the neck, dorsal

to the vagus and in close proximity to the carotid artery was

traced to the heart and identified as a sympathetic branch by

acceleration of the heart when stimulated. The nerve was

stimulated towards the heart and evoked an increase in HR

that could be blocked by propranolol, and a small increase in

BP, consistent with sympathetic activation. The nerve was

lifted clear of all tissue to avoid stimulus spread and placed

across platinum electrodes, kept covered and moist when not

stimulated. The nerve was stimulated with stimulus para-

meters: 25V, 1ms, for a period of 2min at a frequency of

10Hz. A lower voltage of 10V, 6Hz inhibited vagal

bradycardia for a short period, and was abolished following

administration of propranolol consistent with the action of

NAd. The inhibition evoked by higher stimulation survived b-
adrenoceptor blockade. During the period of sympathetic

stimulation, the vagus nerve was not stimulated.

Recording procedures and analysis

Cardiac sympathetic nerve stimulation and bolus injection of

GAL are proposed to attenuate subsequent slowing of the

heart evoked by stimulation of the vagus nerve. We interpret

the magnitude of the per cent inhibition of the increase in PI

(DPI) evoked by stimulation of the vagus nerve as an

indication of prejunctional activity of NPY and related

analogs (Potter et al., 1989). This was calculated using the

equation:

DPI% ¼ DPic � DPit
DPic

�100

DPic is the increase in PI evoked by vagal stimulation in the

control period and DPit is the response for the treatment

period. The treatment period refers to the change in increase in

PI in either the presence of the peptide, or following

sympathetic stimulation. DPi is calculated using Polyview

(Grass Instruments) from the area under curve produced by

the increase in PI following vagal stimulation. T50 is the time

to half recovery of the inhibitory response from maximal

inhibition of the increase in PI evoked by vagal stimulation.

Both resting PI and DPI evoked by stimulation of the vagus

nerve were recorded to separate direct effects on HR from

those acting on vagal pathways.

We interpret the increase in systolic BP (DBP) following

drug administration as a measure of postjunctional NPY

activity (Potter et al., 1989), and was calculated using the

equation: DBP mmHg¼BPc�BPt, where BPc is the control

systolic BP and BPt is systolic BP during the treatment period.

Dose–response curves were generated for each of the

parameters measured after increasing the doses of NPY or

Gal, given as an intravenous, bolus dose. The parameters

measured were: maximum per cent inhibition of the increase in

PI evoked by stimulation of the vagus nerve (DPI%); time to

half recovery of the inhibitory response (T50, min); maximum

increase in BP (DBP, mmHg); duration of the change in BP

(BP duration, min).

Data analysis

Data were pooled for both males and females following initial

studies that showed no difference in responses. Data are

presented as mean7standard error of the mean (s.e.m.). All

data were normally distributed. Between group comparisons

were performed by one-way ANOVA. If a significant

difference was indicated, a Student’s t-test was used to

determine which dose was significantly different from the

control response. Where appropriate the P-values were

corrected using the Dunn–Sidak method. P-values of o0.05

were considered significant.

Experimental protocol

Drugs were administered in aliquots of 50ml as an intravenous,

bolus dose. Following drug application, the venous cannula

was rinsed with 50ml of warmed heparinised saline. Doses of

both GAL and NPY ranged from 2.5 to 40 mg kg�1 (GAL: 0.8

to 13 nmol kg�1 and NPY: 0.5 to 10 nmol kg�1). Doses of NPY

higher than 10 nmol kg�1 were considered not within the

physiological range. An extended time period between GAL

injections was allowed to prevent tachyphylaxis to GAL

(Ulman et al., 1992).

Previously, we have reported that NPY inhibits cardiac

vagal activity in the rat by activating the Y2 receptor (Smith-

White et al., 2001); therefore, a selective antagonist for

the Y2 receptor, (S)-N2-[[1-[2-[4-[(R,S)-5,11-dihydro-6(6h)-ox-

odibenz[b,e]azepin-11-yl]-1-piperazinyl]-2-oxo-ethyl]cyclopent-

yl]acetyl]-N-[2-[1,2-dihydro-3,5(4H)-dioxo-1,2-diphenyl-3-H-1,

2,4-triazol-4-y]ethyl]-argininamid (BIIE0246; Doods et al.,

1999), was administered to control and GAL-1R-KO mice to

block the inhibitory effect of NPY on DPI following

stimulation of the sympathetic nerve and thus show only the

effect of endogenously released GAL on DPI. The dose of

BIIE0246 used here was higher than used in a previous study

in the rat (Smith-White et al., 2001), in order to completely

block and not just reduce NPY-evoked inhibitory effects on

DPI. The effect of BIIE0246 was tested by an absence of Y2-

mediated cardiac vagal inhibitory activity following adminis-

tration of the selective NPY Y2 agonist, N acetyl [Leu28,31]

NPY 24-36. Since the dose of BIIE0246 was high, recovery of

the inhibitory activity was not within the time frame of the

experiment.

Drugs

BIIE0246 was a gift from Dr Henri Doods (Boehringer

Ingelheim Pharma, Biberach, Germany). Drugs commercially

available were: NPY, rat/human (Calbiochem-Novabiochem

AG Läufelfingen, Switzerland); GAL, rat (Peninsula Labora-

tories, Inc., Belmont, CA, U.S.A.); propranolol (Sigma-

Aldrich Pty. Ltd, Castle Hill, NSW, Australia). All drugs

were dissolved in 0.09% saline. Bolus doses of drug were

delivered on a mol kg�1 basis. Propranolol (1mgkg�1) was

administered to mice after initial identification of the

sympathetic nerve to eliminate inhibitory activity evoked by

NAd and to prevent unwanted reflex effects due to increasing

HR on an already fast beating heart. Administration of

propranolol did not significantly decrease resting HR in the

mouse.
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All drugs were easily dissolved in saline except for the Y2

antagonist, BIIE0246. This synthetic antagonist was first

treated with methanol followed by saline. The vehicle had no

effect on the measured parameters in the mouse.

Results

Resting PI and MAP in control, GAL-KO and GAL-R-
KO mice

The resting PI in GAL-KO mice with intact vagus nerves was

not significantly different compared to control mice: (control:

17675ms, 341 beatsmin�1, n¼ 10; GAL-KO: 171710ms,

351 beatsmin�1, n¼ 16). MAP in control mice was not

different from that in GAL-KO mice (control: 7276mmHg;

GAL-KO: 6776mmHg). This is shown in the upper panel of

Figure 1(b).

After the vagus nerves were cut, PI in the control group

decreased to 15178ms (397 beatsmin�1), and to 141711ms

(425 beatsmin�1) in GAL-KO mice. There was a significant

difference in PI before and after the nerves were cut in both

groups of mice (Po0.05), with no significant difference

between groups. This can be seen in the upper panel of Figure

1(a).

The resting PI in GAL-1R-KO mice with intact vagus nerves

was not significantly different compared to control mice;

control: 15575ms (387 beatsmin�1), n¼ 10; GAL-1R-KO:

15875ms (380 beatsmin�1), n¼ 10. MAP of 7274mmHg in

control mice was not different from 7073mmHg for GAL-

1R-KO mice. This is shown in the bottom panel of Figure 1(b).

After the vagus nerves were cut, PI in the control group

decreased to 12175ms (496 beatsmin�1), and to 13076ms

(462 beatsmin�1) in GAL-1R-KO mice. While there was a

significant difference in PI before and after the nerves were cut

in both groups of mice (Po0.01), there was no significant

difference between the groups before or after cutting of the

vagus nerves. This is shown in the bottom panel of Figure 1(a).

Effect of GAL on cardiac vagal activity in control, GAL-
KO and GAL-1R-KO mice

In control mice, an intravenous bolus dose of GAL (0.8–

13 nmol kg�1; n¼ 4–6) attenuated the increase in PI evoked by

vagal stimulation in a dose-dependent manner. DPI in control

mice ranged from 3377 to 7879.5%. The T50 ranged from

270.5 to 771min. GAL increased BP, but this effect was not

dose dependent. DBP ranged from 1172 to 1573mmHg with

a duration of 371–4.571min. Figure 2 shows a polygraph

trace from one mouse for a 5 nmol kg�1 dose of GAL. Figure 3

shows the dose–response data for the group.

In GAL-KO mice, an intravenous bolus dose of GAL (0.8–

13 nmol kg�1; n¼ 5–7) dose dependently attenuated the

increase in PI evoked by vagal stimulation. The inhibition of

DPI in control mice ranged from 3777 to 7276%. The T50

ranged from 2.571 to 471min. GAL increased BP, as in

controls, and this effect was not dose dependent. DBP ranged

from 872 to 971.5mmHg with a duration of 471.5–

572min. The pressor response and inhibitory effect on

cardiac vagal activity evoked by intravenous injection of

GAL in control mice was not significantly different from the

responses in GAL-KO mice, as shown in Figure 3.

Figure 2 Polygraph trace shows the effect of an intravenous
injection of GAL in a control mouse. GAL attenuated the ability
of the vagus nerve to slow the heart and transiently increased BP by
10mmHg following injection. In this particular mouse, there was a
small decrease in MAP, 3min after injection. GAL had no effect on
resting PI.
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Figure 1 Control (&), GAL-KO mice (&). Top panels, mean7
s.e.m. of resting PI in control and GAL-KO mice, with intact vagus
nerves (solid bars) and after the vagus nerves are cut (hatched bars)
are shown in panel (a). The histogram shows no difference in PI in
GAL-KO mice from controls. After the vagus nerves were cut, PI
significantly decreased in both groups of mice. There was no
significant difference in PI between the two groups of mice before or
after the nerves were cut. There was no difference in MAP between
the two groups of mice. *Po0.05. Bottom panels show mean7
s.e.m. of resting PI in control and GAL-1R-KO mice with intact
vagus nerves (solid bars) and after the vagus nerves are cut (hatched
bars) are shown in panel (a). The histogram shows no difference in
PI in GAL-1R-KO mice from controls. After the vagus nerves were
cut, PI decreased significantly in both groups of mice. There was no
significant difference in PI between the two groups of mice before or
after the nerves are cut. There was no difference in MAP between the
two groups of mice, panel (b). **Po0.01.
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In GAL-1R-KO mice, intravenous injection of a bolus dose of

GAL (0.8–13 nmol kg�1; n¼ 3–4) did not attenuate the

increase in PI evoked by vagal stimulation at any dose within

the range. GAL increased BP, as in controls, and this effect

was not dose dependent. DBP ranged from 872 to

9.571mmHg with a duration of 4.571.5–571.5min. The

DBP following injection of GAL in control mice was not

significantly different from the DBP in GAL-1R-KO mice (not

shown).

Effect of NPY on BP and cardiac vagal activity in control
and GAL-KO mice

In control mice, an intravenous bolus dose of NPY (0.5–

10 nmol kg�1; n¼ 5–7) attenuated the DPI evoked by vagal

stimulation in a dose-dependent manner. DPI in control mice

ranged from 13710% to 6777%. The T50 ranged from 0.5 to

571min. The DBP following an intravenous, bolus dose of

NPY was dose dependent. DBP ranged from 2576 to

6073mmHg with duration of 771–1271min.

In GAL-KO mice, the attenuation of DPI evoked by vagal

stimulation following an intravenous, bolus dose of NPY was

dose dependent. DPI in GAL-KO mice ranged from 1174%

to 7272%. The T50 ranged from 170.5 to 670.5min. The

DBP following an intravenous, bolus dose of NPY was dose

dependent. DBP ranged from 2273 to 60710mmHg, with a

duration of 670.5–1072min. The pressor response and

inhibitory effect on cardiac vagal activity evoked by intrave-

nous injection of NPY in control mice was not significantly

different from the responses in GAL-KO mice, as shown in

Figure 4.

Cardiac sympathetic stimulation in the mouse

Stimulation of the sympathetic nerve in three mice decreased

PI by approximately 75ms (i.e. increased HR by

B260 beatsmin�1; from B340 to 600). BP was also increased

during stimulation of the nerve. Stimulation of the nerve at

6Hz, 1ms, 10V (S6) for a period of 2min attenuated the DPI
evoked by stimulation of the vagus nerve. A polygraph trace

from one mouse is shown in Figure 5, panel (a). The inhibitory

effect on vagal action was short lasting and abolished in the

presence of propranolol, 1mgkg�1 (not shown). Following a

higher stimulation frequency, 10Hz, 1ms, 25V (S10) for a

period of 2min, DPI evoked by vagal stimulation was inhibited

for a prolonged period, DPI¼ 9272%, T50¼ 771min, n¼ 3,

as shown in Figure 5, panel (b). In the presence of propranolol

(1mg kg�1), DPI was inhibited by 8073% with a T50 of

671min, n¼ 4, an effect that was significantly different from

the control response for DPI but not T50, as shown in Figure 6,

panel (a).

GAL dose (-log mol kg-1)

8.08.59.09.5

B
P

 D
ur

at
io

n 
(m

in
)

0
2
4
6
8

10
12
14
16

8.08.59.09.5

∆P
I (

%
)

0
10
20
30
40
50
60
70
80
90

100

GAL dose (-log mol kg-1)
8.08.59.09.5

T
50

 (
m

in
)

0
1
2
3
4
5
6
7
8
9

10

GAL dose (-log mol kg-1)

GAL dose (-log mol kg-1)

8.08.59.09.5

∆B
P

 (
m

m
H

g)

0
10
20
30
40
50
60
70
80

a b

c d

Figure 3 Control (~), GAL-KO mice (~). Results of a dose–
response curve generated for GAL in control and GAL-KO mice.
Graph (a) measures the per cent change in the increase in PI (DPI%)
evoked by stimulation of the vagus nerve, (b) is a measure of the
time to half recovery of the inhibitory effect (T50), (c) measures
change in BP (DBP, mmHg), and (d) measures the duration of the
BP effect (BP duration, min). There is an increase in DPI% with each
dose of GAL in control mice (n¼ 4–6). In GAL-KO mice, the
inhibitory effect of GAL was not significantly different from that in
control mice (n¼ 5–7). In both control and GAL-KO mice, the T50

at doses above 6 nmol kg�1 was diminished. In both groups of mice,
GAL increased BP slightly with no significant difference in either
magnitude or duration.
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Figure 4 Control (&), GAL-KO mice (&). Results of a dose–
response curve generated for NPY in control and GAL-KO mice.
Graph (a) measures per cent change in the increase in PI (DPI%)
evoked by stimulation of the vagus nerve, (b) is a measure of the
time to half recovery of the inhibitory effect (T50), (c) measures
change in BP (DBP, mmHg), and (d) measures the duration of the
BP effect (BP duration, min). There is an increase in DPI% with each
dose of NPY in control mice (n¼ 5–7). In GAL-KO mice, the
inhibitory effect of GAL was not significantly different from that in
control mice (n¼ 7). In both control and GAL-KO mice, the T50

increased with increasing doses of NPY, with no significant
difference in the response. In both groups of mice, NPY increased
BP in a dose-dependent manner with no significant difference in
either magnitude or duration.

174 M.A. Smith-White et al Galanin knockout mice and vagal neurotransmission

British Journal of Pharmacology vol 140 (1)



At 30min following a bolus dose of Y2 antagonist BIIE0246

(1 mmol kg�1), the inhibitory effect of sympathetic stimulation

on vagal action was attenuated, DPI, 5773% with a T50 of

2.570.5min, n¼ 3. The evoked inhibition was significantly

different from both the control response and the response seen

in the presence of propranolol, although only the T50 for the

control showed a significant difference. A polygraph trace

from one mouse is shown in Figure 6, panel (b). Group data

are shown in Figure 8.

The effect of stimulation of the sympathetic nerves on
cardiac vagal activity, in GAL-1R-KO mice, alone and in
the presence of the Y2 antagonist BIIE0246

Following a period of stimulation of the sympathetic nerve

(S10) in the GAL-1R-KO mouse, cardiac vagal activity was

inhibited by 9377% with a T50 of 2.570.25min, n¼ 3. In the

presence of propranolol (1mg kg�1), cardiac vagal activity was

inhibited by 5672% with a T50 of 1.570.5min, n¼ 5. This is

shown in Figure 7, top panel.

At 30min following a bolus dose of the Y2 antagonist

BIIE0246 (1 mmol kg�1), the inhibitory effect of sympathetic

stimulation on vagal action was abolished, Po0.001, n¼ 3. A

polygraph trace from one mouse is shown in Figure 7, bottom

panel. Group data and a summary of effects of sympathetic

stimulation in the mouse are shown in Figure 8.

Discussion

The aim of this study was to determine the role of GAL in

autonomic control of cardiovascular function. In anaesthetised

mice, GAL administered intravenously attenuated the ability

of the vagus nerve to slow the heart in a dose-dependent

Figure 5 Polygraph trace (a) from the chart recorder for one
control mouse showing the DPI following a period of sympathetic
nerve stimulation at 6Hz for 2min (S6). Following sympathetic
stimulation, there was attenuation of the DPI evoked by vagal
stimulation that was of short duration. BP increased and PI
decreased during stimulation of the sympathetic nerve. Polygraph
trace (b) from the chart recorder in the same mouse showing an
inhibitory effect on DPI following a period of sympathetic nerve
stimulation (black line) at an increased frequency of 10Hz for 2min
(S10). DPI inhibition and DBP are greater at the higher frequency of
stimulation. The stimulus to the vagus nerve was discontinued
during the period of sympathetic stimulation.

Figure 6 Polygraph trace (a) from a chart recorder showing
sympathetic stimulation (black line) in the presence of propranolol
(10Hz for 2min, S10). A prolonged attenuation of the DPI evoked
by stimulation of the vagus nerve was still evident following
stimulation of the sympathetic nerve (top panel). Trace (b) shows the
effect on DPI of cardiac sympathetic nerve, 30min after a bolus dose
of Y2 antagonist BIIE0246. The attenuation of DPI was reduced in
the presence of the antagonist. There was no significant increase in
BP during sympathetic stimulation in the presence of propranolol.
The vagus nerve stimulation was ceased during sympathetic
stimulation.

Figure 7 Panel (a) shows a polygraph trace from a chart recorder
for one GAL-1R-KO mouse showing the effect on DPI of a period
of cardiac sympathetic nerve stimulation at 10Hz, 25V for 2min
(S10). Following stimulation of the sympathetic nerve and in the
presence of propranolol, cardiac vagal activity was attenuated. Note
that there is no increase in PI following stimulation of the
sympathetic nerve in the presence of propranolol. Panel (b) shows
a polygraph trace for one GAL-1R-KO mouse showing the effect on
DPI of a period of cardiac sympathetic nerve stimulation at 10Hz,
25V for 2min (S10) in the presence of propranolol. At 30min after a
bolus dose of the Y2 antagonist BIIE0246, the inhibition of DPI
following sympathetic stimulation was abolished.
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manner. The inhibitory effect of GAL was not modified by the

absence of GAL in GAL-KO mice, but was absent in GAL-

1R-KO mice.

High doses of GAL were found to exhibit tachyphylaxis in

control and GAL-KO groups, an effect more evident in the

recorded duration of the response. GAL also increased BP in

both control and GAL-KO mice; however, in half the mice

studied, the increase was followed by a secondary decrease in

BP. The biphasic response might explain why GAL does not

increase BP in a dose-dependent manner. The effect on BP is in

contrast with the potent effects evoked by NPY in the mouse

(Smith-White et al., 2002) and other species (Revington et al.,

1987; Moriarty et al., 1992; Ulman et al., 1992). In GAL-KO

mice the cardiac vagal inhibitory and BP effects of exogenous

NPY were unchanged. These results suggest that in the

absence of GAL, neither GAL- nor NPY receptor-mediated

effects are altered.

Electrical stimulation of the cardiac sympathetic nerve is

shown here in the mouse to increase HR, as shown previously

in the other species (Liddell & Sherrington, 1929; Yasunaga &

Nosaka, 1979). Following a period of sympathetic stimulation

in the mouse, there is a prolonged attenuation of subsequent

cardiac vagal activity. Observations in other species suggest

this effect to be mediated by multiple transmitters released by

the sympathetic nerve during stimulation (Potter, 1985;

Revington et al., 1990; Courtice et al., 1993; Smith-White

et al., 1999). While NAd has been shown to inhibit

cardiac vagal activity, its effect is very short lasting (Potter,

1988). The inhibitory effect of NAd on vagal transmission was

reported to be mediated by activation of a prejunctional a1-
adrenoceptor, but the activity diminished quickly after

sympathetic activity ceased (Wetzel et al., 1985). We show an

inhibitory effect on vagal activity, followed by stimulation of

the sympathetic nerve that is prolonged. The inhibitory effect

was of long duration and was reduced in the presence of

propranolol and further reduced by the NPY Y2 antagonist

BIIE0246. In control mice, propranolol reduced the

inhibitory effect that followed sympathetic stimulation by

approximately 10%, with a further reduction of 20% following

administration of BIIE0246. The remaining inhibition is

attributed to the effect of GAL in these mice. This suggests

that NPY, under the conditions of the experiment, plays a

minor role in modulation of cholinergic transmission in this

species.

Stimulation of the sympathetic nerve in GAL-1R-KO mice

evoked an inhibitory effect on cardiac vagal activity that was

similar in magnitude to that observed in control mice, but was

reduced by 50% in the presence of propranolol and abolished

following administration of Y2 antagonist BIIE0246. The

amplification of inhibitory effect of adrenoceptor activation

suggests that the GAL-1R receptor may affect the release of

NAd from the sympathetic nerve; however, it was beyond

the scope of this study to determine if the effect was at the

ganglion or nerve terminal. The time to half recovery of

the inhibitory effect attributed to NAd and NPY following

administration of selective antagonists was not significantly

altered in control mice, although the overall decrease in

duration suggests that GAL had a significant influence on

prolonging the inhibitory effect on vagal action. We noted that

GAL-1R-KO mice responded differently to anaesthesia

compared to control and GAL-KO mice, requiring more

frequent supplementation of anaesthetic during the experi-

mental period; therefore, it is possible that the decrease in time

to half recovery observed in these mice may be attributed to

wakefulness.

In anaesthetised GAL-KO and GAL-1R-KO mice, resting

PI (or HR) and BP were not different from control mice. The

decrease in PI (or increase in HR) seen after cutting the vagus

nerves was similar in both knockout and control groups of

mice, suggesting that autonomic nervous activity to the heart is

not altered by the absence of GAL in the nerves or the absence

of the GAL-1R receptor. This suggests that GAL acts

peripherally to evoke its inhibitory action on vagal transmis-

sion.

The findings of this study support the view that cardiac

parasympathetic neurons in the mouse possess both GAL and

NPY receptors that, when activated, reduce cholinergic

transmission. We propose that following stimulation of the

sympathetic nerve, both GAL and NPY act to attenuate

subsequent cardiac vagal activity, with the actions of GAL

predominating. To date, the mouse is the first species to show

that both GAL and NPY inhibit cardiac vagal activity, as in all

species studied previously it is either GAL or NPY that
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Figure 8 Panel (a) is a summary of results from four control mice
showing the effect on maximum per cent inhibition of DPI and time
to half recovery following stimulation of the cardiac sympathetic
nerve (open bar), in the presence of a bolus dose of propranolol
(hatched bar) and in the presence of propranolol and the NPY Y2

antagonist, BIIE0246 (cross-hatched bar). In the presence of both
antagonists, there is some remaining attenuation of the increase in
PI following sympathetic stimulation. Panel (b) is a summary of
results in three GAL-1R-KO mice showing the effect on maximum
per cent inhibition of DPI and time to half recovery following
stimulation of the cardiac sympathetic nerve (open bar), in the
presence of propranolol (hatched bar) and in the presence of
propranolol and the NPY Y2 antagonist, BIIE0246 (cross-hatched
bar). After a bolus dose of propranolol, the attenuation was
significantly reduced and then abolished after subsequent adminis-
tration of BIIE0246. Significant differences are shown; **Po0.01;
***Po0.001.
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mediates this important conservation of function. The

preferential release of GAL by the sympathetic nerve in this

species may serve to extend the effects of sympathetic

stimulation without the potent increases in pressor activity

associated with NPY.

We thank Dr Henri Doods for the gift of BIIE0246, Professor David
Wynick for supplying the GAL-KO mice, Y.J. Hort for technical
assistance and the National Health and Medical Research Council of
Australia for supporting this work.
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