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RESEARCH ARTICLE

GABAergic mechanisms involved

in the vagally mediated heart rate
response to muscle contraction as
revealed by studies with benzodiazepines

Abstract The aim of this study
was to determine if central GABA
mechanisms are involved in the
cardiac vagal withdrawal at the be-
ginning of exercise in man. We
tested whether GABA-enhancing
effects of a benzodiazepine could
be observed in the HR change (R-R
interval) immediately following the
onset of a brief (10s) isometric
contraction (60 % maximum) of
the biceps muscle. The difference
between the change in R-R interval
occurring during the same phase of
respiration was compared for
placebo (Pla) and 10 mg oral di-
azepam (Dz) treatment in a double
blind, crossover trial. ECG, blood
pressure, respiration and biceps
muscle tension were recorded. The
subjects breathed to a metronome

and R-R interval measurements
were plotted for early and late in-
spiration and early and late expira-
tion. The mean values of the first
late expiration R-R interval imme-
diately following the start of con-
traction in early expiration were
compared to the same measure-
ments without contraction. Con-
tractions initiated following di-
azepam treatment resulted in a
significantly greater reduction in
R-R interval (P <0.05) implying
that GABAergic suppression of car-
diac vagal outflow may be respon-
sible for contraction-induced
tachycardia in man.

Key words cardiac vagal
inhibition - exercise heart rate -
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Introduction

Upon muscle contraction there is an immediate rapid
rise in heart rate [1,7, 14,20], that in the initial period is
mediated purely by the abrupt withdrawal of cardiac va-
gal activity [2, 12, 14, 15, 19, 20]. This early effect is fol-
lowed by a slower sympathetically mediated increase in
HR [16, 30].

Several ideas have evolved to account for these effects
[5, 6, 14,27, 32], most focus on possible afferent sources
of neural information but do not attempt to explain how
this input produces changes in the autonomic outflow.
However this was addressed in a series of studies, which
used ventral root-evoked muscle contraction in cats, to
examine a possible reflex mechanism for the initial car-

diac vagal effects [20-22]. These studies showed that a
muscle afferent-induced increase in heart rate was
greater if cardiac vagal tone was enhanced by increasing
baroreceptor input. Such an action suggested that mus-
cle afferents prevented baroreceptor excitatory drive ei-
ther by an inhibitory action in the nucleus tractus soli-
tarii or at the cardiac vagal neurones. GABA synapses
have been described at both of these sites [8, 13, 17, 23,
29, 34], and stimulation of hind limb afferent nerve fi-
bres was shown to inhibit a baroreceptor reflex-induced
decrease in heart rate [21,22]. There are though no stud-
ies of these mechanisms following muscle contraction.
To study the possible role of GABA in regulating car-
diac vagal sites in the brain we made use of the property
of benzodiazepines to associate with a binding site close
to the GABA,-binding site on the same receptor protein
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[36]. It is this property that is recognised to give rise to
the various benzodiazepine actions in the brain [28,33].
The action of the benzodiazepines is considered to be a
cooperative enhancement of the effect of GABA to in-
crease chloride conductance, thus inhibiting neurones
to a greater degree [36]. Thus it is argued that the action
of benzodiazepines can reveal the effect of GABA at the
GABA 4 receptor [33].

In a recent study using benzodiazepines to enhance
GABA transmission, we reported that there are GABAer-
gic mechanisms in the central nervous system, which are
able to suppress the cardiac vagal outflow in man [10].
This conclusion was reached by showing a reduction in
the variation of the cardiac pulse interval (R-R interval)
in subjects following an intravenous dose of the benzo-
diazepine midazolam, which was reversed by the antag-
onist flumazenil. We therefore considered a similar ap-
proach might reveal whether a GABAergic mechanism
was participating in the heart rate increase caused by in-
hibition of vagal tone at the start of the muscle contrac-
tion in man. For this purpose the effect of an oral dose
of diazepam on the R-R interval change produced just
after the onset of isometric contraction of the biceps
muscle [14] was studied during fixed respiration. Di-
azepam was used in preference to midazolam because it
could be given orally and preliminary studies showed at
a dose of 10mg it did not compromise the maximum
force of muscle contraction or affect the ability of the
subject to voluntarily respond to a verbal or auditory
command.

The results show that a benzodiazepine significantly
enhances the heart rate change induced by brief isomet-
ric muscle contraction. This supports the idea that in
man, and probably in other animals, GABA neurones are
involved in the muscle-heart rate response of exercise.

Materials and methods

With the approval of the South Birmingham Local Research Ethics
Committee, five healthy volunteers were recruited from the students
of the University of Birmingham (mean age 19 + 2.2 years). The sub-
jects provided written informed consent to take part in this study,and
all procedures were performed in accordance with the Declaration of
Helsinki. All volunteers were examined by a medical practitioner and
were considered to have no obvious signs of cardiovascular or neuro-
logical diseases, or other relevant medical conditions. Subjects were
asked to attend upon two separate occasions (following an acclimati-
sation session), at least two weeks apart, but at the same hour of the
day. Prior to the experiment, all subjects were instructed to refrain
from caffeine and tobacco for at least 12 hours, food for at least 2
hours prior to the study, and alcohol for 24 hours before and after the
study.

The study was conducted in a placebo-controlled, double blind
crossover fashion. On both of the study days, the subjects presented
at the laboratory and after five isometric contraction tests were given
a single unidentifiable capsule containing either placebo or 10 mg di-
azepam (Valium, Pharmacy, Queen Elizabeth Hospital, Birmingham),
taken orally two hours prior to the study.

Laboratory set-up

The laboratory was kept silent during recordings, and was maintained
at a temperature of between 20 and 25 °C with low lighting levels. Sub-
jects were semi-supine bed-rested for 30 minutes prior to the start of
the experiment, and during this time were set-up for the data collec-
tion. The electrocardiogram (ECG) was obtained by a Lead Il arrange-
ment, comprising three silver chloride monitoring electrodes (Red
Dot, 3M Health Care, Borken, Germany) placed on the subject’s chest.
Beat to beat blood pressure was obtained from an index finger of the
inactive limb (left arm) resting on the chest at heart level, using the
Finapress blood pressure monitoring system (Ohmeda, Louisville,
CO, USA). Respiratory movements were recorded from a strain gauge
placed around the chest at the level of the base of the sternum. In ad-
dition isometric force produced by contractions of the elbow flexors
was measured using a strain gauge with the arm held firmly in place
in a frame so that the forearm was at right angles to the upper arm as
described previously [2, 4].

Data capture

All signals were amplified, and sampled at 500 Hz after analogue to
digital conversion. These data were captured on an Apple Power Mac-
intosh (8100/180) running a custom-written suite of programmes
within the LabVIEW programming application. The traces were visu-
ally checked for aberrant or ectopic events [35],and converted to a se-
ries of R-R intervals (calculated from the ECG trace) each with asso-
ciated values for systolic pressure (SBP), mean blood pressure (MBP),
diastolic blood pressure (DBP), respiration and force.

Pre-experimental protocol

Initially subjects were asked to perform a maximum voluntary con-
traction (MVC) of the right biceps muscle. From this a 60 % MVC was
calculated and the subject practised attaining and holding this level
of contraction for 10 s periods, aided by a visual display of the force
trace on an oscilloscope. The force was checked on each visit and
when at the end the study was unblinded the value in Newtons for
100 % MVC was found to be either the same or slightly less (< 2 %) for
subjects on diazepam compared to placebo. Therefore for each sub-
ject a 60 % MVC was similar throughout the series of tests on placebo
and diazepam.

Experimental protocol

The subjects were asked to adjust their respiratory frequency to an
auditory signal (at a frequency they found comfortable), and data
over a five-minute period were collected. This resting respiratory fre-
quency did not change between visits. Following this, data for each
respiratory cycle over a 30s period were registered, at the end of
which the subject performed a 60 % MVC of the right biceps. The con-
traction was initiated by a signal at a predetermined phase of respi-
ration (see later) and maintained for 10s. This procedure of tests was
repeated five times, each separated by rest periods of at least 10min.
Immediately following this series of baseline measurements the sub-
ject was given a capsule containing either placebo or diazepam and
2h later the tests were repeated. This period was chosen since plasma
levels of orally administered diazepam show an initial peak which
then declines slightly to plateau at 2h thereafter remaining high for
up to 4h [31].

Data analysis

Each 5-min record of resting data was initially subjected to time do-
main analysis. Mean R-R interval (R-R), standard deviation of R-R in-



tervals (SDRR), and the percentage of R-R intervals that deviated
from their predecessor by more than 50ms (pNN50) were calculated
in accordance with the recommendations of the Task Force of the Eu-
ropean Society of Cardiology and the North American Society of
Electrophysiology and Pacing [35]. The magnitude of respiratory si-
nus arrhythmia was also calculated from the difference between the
minimum R-R interval and maximum R-R interval, measured for 50
respiratory cycles at rest.In addition an autoregressive power spectral
analysis was performed upon these 5-min records as described pre-
viously [9, 10, 36].

Since the R-R interval varies throughout the respiratory cycle, val-
ues of the R-R interval were measured at identified phases of the cy-
cle as illustrated in Fig. 2. Phases 1 and 2 relate to early and late inspi-
ration and phases 3 and 4 relate to early and late expiration
respectively. For each series of tests, values were calculated for the
mean phase 4 R-R interval for 30s before each contraction (millisec-
onds), and the first phase 4 R-R interval immediately following the
initiation of contraction (post-contraction; milliseconds). The differ-
ence in these two R-R interval measurements was then calculated for
five tests to give the change in R-R interval upon contraction ex-
pressed in milliseconds and as a percentage. Phase 4 in the respiratory
cycle was chosen because the change in R-R interval is greatest for this
phase when contractions are initiated at the onset of expiration [2,3].
Mean values for the five subjects were calculated from the means of
each set of five contractions.

Statistical analysis

All data are presented as means = SEM and were analysed using Stu-
dent’s paired t-test for within subject comparisons and Wilcoxian
Signed Rank test for the group data. Differences were only considered
significant if P < 0.05 (5% confidence level).

Results

Subjects were 5 males of normal height (174 £5cm),
mass (63 +4 kg), and body mass index (21 £0.7 kg.m?).
They were normotensive with systolic blood pressure of
108+2mmHg and diastolic blood pressure of
71+ 3 mmHg, and in normal sinus rhythm (69 + 8 beats
per minute).

Rest

Baseline values were documented during the 5-min con-
trol period prior to the series of muscle contractions. In
resting subjects on placebo, the mean R-R interval was
991 ms *+ 44 ms, the standard deviation of successive R-
R intervals (SDRR) was 64 =13 ms, and the percentage
of intervals that differed from the predecessor by more
than 50 ms (pNN50) was 39 + 13 %. Following the oral
dose of diazepam during a similar control period, there
was a small fall in the mean R-R interval to 958 ms £ 25
ms, an increase in SDRR to 80+ 15ms and pNN50 to
551+10%. These changes did not reach significance
(p>0.05). There were no differences between placebo
and diazepam with regard to SBP (122 + 6 and 119+ 3 re-
spectively), MBP (78 + 6 and 75 £ 2 respectively) or DBP
(61 £6 and 59 £ 3 respectively).
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All subjects exhibited a respiratory sinus arrhythmia
(RSA) (Fig. 1), which was quantified as the mean max-
min difference in R-R interval over 50 respiratory cycles.
Subjects at rest on placebo had a mean RSA of 120
ms +40 ms, and on diazepam the RSA was 140 ms+25
ms. The difference was not significant.

Analysis of the power spectral density plots between
treatments for each subject failed to reveal any signifi-
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Fig.1 Example of responses to a typical brief isometric muscle contraction taken
from one subject on placebo. Data are given for R-R interval, blood pressure (sys-
tolic, diastolic and mean), respiration and force. The line represents the point at
which the contraction was initiated. As can be seen from the R-R interval trace
within 1.5s there is an immediate tachycardia upon contraction, which is accom-
panied by a pressor response (seen as increases in systolic diastolicand mean blood
pressures)
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cant differences, even when the data were normalised.
The high frequency peak was 82.78+5.1% following
placebo pre-treatment and 80.74+1.3% following di-
azepam. Low frequency peak was 14.69+4.8 and
14.46 £ 2.5 for placebo and diazepam respectively (ns).

Isometric muscle contraction

Fig. 1 demonstrates the effect of a typical 60 % MVC iso-
metric contraction of the right biceps muscle following
placebo pre-treatment in a single subject. For each sub-
ject the pre-placebo and pre-drug values (n=5) were
not significantly different from the placebo values
(p<0.01). Upon voluntary isometric muscle contrac-
tion, elicited at the beginning of expiration (phase 3), the
next R-R interval phase 4 decreased so that heart rate in-
creased as is shown in Fig. 2. The change was consistent
throughout the five tests repeated on each subject
(P<0.01). The group data show that the mean phase 4 R-
R intervals declined from 1100 ms+39ms (55 bpm+2
bpm) to 950 ms+ 64 ms (64 bpm +4 bpm) a change of
150 ms +55ms (5 6.4 %; Fig.2). This decrease in R-R
interval (tachycardia) was significant (P <0.05). Follow-
ing 10 mg oral diazepam voluntary contraction elicited

Fig.2 The effect of isometric muscle contractions
on R-R interval during placebo or diazepam treat-
ment. Values of R-R intervals occurring in each of 4
phases of respiration are plotted for a thirty second
period before a voluntary contraction was elicited.

The values of R-R intervals of the respiratory cycle im- Respiration

Inspiration

a significantly larger change in heart rate from 60
bpm £ 1.3 to 73 bpm + 2.9 bpm and mean phase 4 R-R in-
tervals decreased from 1007 +21 ms to 832 ms+33ms a
change of 175+42ms (16.8 +3.3 %), which was signifi-
cantly greater (P <0.05) than the change observed on
placebo (Fig.3). The brief isometric contractions also
elicited increases in blood pressure as shown for one
subject in Fig. 1. As can be seen from this recording,
blood pressure oscillated with respiration and so to en-
able comparisons, the mean SBP,DBP and MBP were cal-
culated. Typically, the contraction-elicited change in
blood pressure occurred some 1.5s after the heart rate
changes. Although the blood pressure changes were usu-
ally greater during the contraction period, they varied
between tests and between subjects, so that the group
data did not reach statistical significance compared to
the pre-contraction resting period. There were also no
significant differences between placebo and diazepam
for SBP (126 + 6 mmHg and 123 = 3 mmHg respectively),
MBP (83 + 6mmHg and 76 £ 3 mmHg respectively), or
DBP (66 + 7mmHg and 60 + 3 mmHg respectively).

Expiration

mediately following this period were measured dur-
ing which an isometric contraction (60 % MVC) of the
biceps muscle was initiated at a signal given at the
beginning of phase 3 of respiration shown by the bar
in the bottom trace. The mean values of R-R interval
for five repeated sequences of the test are plotted. 1.2
The results obtained during placebo (continuous
lines) and during 10 mg diazepam (dashed lines)
treatment are shown. The difference between
placebo baseline (filled squares) and placebo con-
traction (open squares) R-R interval values in phase 4
(late expiration) was compared to the difference be-
tween diazepam baseline (filled circles) and di-
azepam contraction (open circles) values
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Fig.3 Enhancement by a benzodiazepine of the exercise-induced change in R-R
interval (heart rate). The bar graph shows the group mean data (n = 5) of the per-
centage change in R-R interval induced immediately after an isometric contraction
60 % MVC of biceps muscle during placebo (solid column) compared to diazepam
(hatched column). Standard error bars are shown. *P < 0.05

Discussion

Benzodiazepines work in the brain by amplifying the ac-
tion of the neurotransmitter GABA at the GABA 4 recep-
tor [28, 33]. Therefore we interpret the actions of di-
azepam as revealing a GABA neurone involvement in the
vagally mediated, initial heart-rate response to volun-
tary skeletal muscle contraction. It is known from previ-
ous studies that muscle contraction in man causes an
immediate withdrawal of vagal influence on the
chronotropic control of the heart, since it is blocked by
atropine [12, 15, 19]. This effect has been previously ex-
ploited in our laboratory, in order to look at the actions
of 60% MVC muscle contractions upon cardiac vagal
tone, in the absence of respiratory variations in cardiac
vagal outflow [4].

Previously we have shown that there is a GABA-me-
diated suppression of cardiac vagal tone in man [9-11],
which is in agreement with existing animal data [13,21].
In the present study it was found that resting cardiac va-
gal tone was little affected by 10 mg oral diazepam, as has
been noted previously [25], unlike the dramatic reduc-
tions seen with the more potent benzodiazepine midazo-
lam [11]. The results of time- and frequency-domain
analysis also show no significant differences between di-
azepam and placebo. This might be expected as di-
azepam was administered orally rather than intra-
venously and is also less potent than midazolam [26].
However, it was important to the present study that the
benzodiazepine did not produce too much sedation, be-
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cause we needed the subjects to be able to quickly re-
spond to the signal to contract muscles and to elicit sim-
ilar forces of contraction for all the treatments. Despite
these constraints it is evident that the 10 mg oral dose of
diazepam did have a significant influence, which became
apparent when vagal tone was challenged. Upon volun-
tary contraction, the post-contraction R-R interval is re-
duced to a greater extent following diazepam pre-treat-
ment than during placebo. Placing this in terms of heart
rate there was an increase in 9 bpm on placebo at this
early stage of contraction which was enhanced by a fur-
ther 4 bpm by diazepam, an increase of 44 %. Thus we be-
lieve this is of physiological significance and we conclude
that GABA ,-mechanisms can modulate the level of vagal
withdrawal initiated by a skeletal muscle contraction in
man. This was not due to a greater effort exerted by the
subjects on diazepam to maintain the isometric contrac-
tion, since absolute force was either the same or slightly
less and the same relative force of 60 % MVC was used
throughout. We found that a 10 mg dose of diazepam did
not affect the absolute force, since very similar forces (in
Newtons) were obtained by maximal voluntary contrac-
tions throughout the study, even though neither the sub-
ject nor the experimenter was aware of the treatment.
Furthermore none of the subjects reported finding the
contractions more difficult on any visit which may notbe
surprising since the 60 % MVC only needed to be main-
tained for two respiratory cycles (around 10s). We are
therefore confident that the changes in vagal tone were
not a consequence of increased central command.

Although animal studies have long pointed to GABA
as a mediator of the exercise-induced vagal withdrawal,
it has not been directly tested with muscle contraction
in an experimental model. Our study in man is the first
to indicate that such a mechanism does play a part in the
heart rate response to exercise. Our understanding of
how and where this action occurs in the brain is limited
but the medullary sites such as the NTS and cardiac va-
gal motonuclei seem the most likely. Studies in cats and
rats show that muscle afferent fibres ascend in the spinal
cord to the caudal medulla where they project to and
suppress neurones in the NTS [18, 21, 24, 25, 29]. In ad-
dition it is also possible they project to the nucleus am-
biguus where GABAergic synapses have also been de-
scribed [13, 23]. It is therefore tempting to suggest that
in our rather limited study in man the benzodiazepine
was enhancing the action of GABA at one of these
medullary sites resulting in an increased efficacy of the
exercise-induced change in heart rate. Whether these ef-
fects are due to central command or a reflex depending
on mechanoreceptors which we have recently described
[14] originating in the contracting muscle remains to be
determined by a more extensive study.
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