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MODULATION OF BRONCHOCONSTRICTOR RESPONSES
TO HISTAMINE IN PITHED GUINEA-PIGS BY

SYMPATHETIC NERVE STIMULATION

GILLIAN A. AINSWORTH, L.G. GARLAND & A.N. PAYNE
Department of Pharmacology, Welcome Research Laboratories, Langley Court, Beckenham, Kent BR3 3BS

1 Electrical stimulation (40V, 0.5-8 Hz, pulse width 0.5 ms) of the thoracic spinal outflow for
between 10 and 120 s inhibited histamine-induced bronchoconstriction in pithed guinea-pigs.
2 The degree of this bronchodilatation varied with the position of the stimulating electrode within
the spinal canal. Two maxima were identified. The first, at the level of the 9th and 10th thoracic
vertebrae, was abolished by adrenalectomy. The second, at the level of the 3rd and 4th thoracic
vertebrae, was associated with tachycardia and was unchanged by adrenalectomy.
3 The magnitude of this second bronchodilator effect varied with the frequency of stimulation. It
was abolished by pretreatment with reserpine (5mg/kg i.p. 48 and 24 h beforehand) and was
competitively blocked by propranolol (0.01-1.0 mg/kg).
4 These observations are consistent with the view that bronchodilator tone is derived from
neuronally-released noradrenaline within the lung. The noradrenaline probably overflows from
well-innervated vasculature adjacent to sparsely innervated airways.

Introduction

The autonomic control of bronchial smooth muscle
tone, and thus airway calibre, has possible relevance
to airway hyperreactivity in asthma. The excitatory
(constrictor) innervation to this tissue has been de-
fined clearly as cholinergic. However, opinion is di-
vided about the exact nature of the opposing inhibit-
ory (bronchodilator) innervation (Richardson,
1979). In guinea-pigs this inhibitory pathway was
thought initially to be entirely adrenergic (Foster,
1964; McCulloch, Proctor & Rand, 1967). More
recently, a separate non-adrenergic pathway in
guinea-pigs has been described in vivo (Chesrown,
Venugopalan, Gold & Drazen, 1980) and in studies
using electrically stimulated isolated trachea (Col-
eman & Levy, 1974; Richardson & Bouchard 1975;
Kalenberg & Satchell, 1979). Because the trachea is
more densely innervated by adrenergic nerve fibres
than the lower airways, (O'Donnell, Saar & Wood,
1978), the in vitro observations may have limited
relevance to the modulation of bronchial smooth
muscle tone in whole lungs. Of more importance is
the observation by Burden, Parkes & Gardiner
(1971) that stimulation of the thoracic sympathetic
spinal outflow inhibits bronchoconstrictor responses
in pithed guinea-pigs. However, in this study the
complete thoracic spinal outflow was stimulated.
Therefore, the bronchodilator effect of neurotrans-

mitters released in the lungs may have been obscured
by the concomitant release of adrenal
catecholamines. For this reason we have reinvesti-
gated the pharmacology of this bronchodilator effect
by stimulating discrete regions of the spinal cord,
thereby excluding the simultaneous activation of
both neuronal and hormonal bronchodilator path-
ways.

Methods

Adult (400-600g) Hartley strain, male guinea-pigs
were used throughout. Anaesthesia was induced with
5% halothane and the trachea cannulated with
polyethylene tubing passed down to the level of the
carina. A pithing rod (16 gauge oral dosing needle)
was then inserted into the skull via an incision in the
cranium, and advanced down the entire length of the
spinal canal. The pithing rod incorporated within its
length a miniature electrode assembly (Armstrong&
Boura, 1973). The animals were immediately con-
nected via the tracheal cannula to a small animal
respirator (Searle Bioscience) delivering 52 strokes
per min of 1cc of laboratory air per 100 g body
weight. At this stage some animals were adrenalec-
tomized through bilateral posterior subcostal inci-
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sions, subsequently closed by sutures. Changes in
pulmonary inflation pressure were measured by
means of a transducer (Statham P23AA or Elcomatic
EM750) in the tracheal circuit, a modification of the
method originally described by Dixon & Brodie
(1903). The right common carotid artery was cannu-
lated to allow measurement of blood pressure
(Statham P23Db or Elcomatic EM750 transducer
connected to a Beckman coupler). Heart rate was
monitored by means of a tachometer (Beckman)
triggered by the arterial pulse wave. All of these
parameters were recorded on a Beckman Type R
Dynograph. Typical resting values were, pulmonary
inflation pressure 12 mmHg; arterial blood pressure
50/35 mmHg; heart rate 270 beats/min. Drugs were
injected through cannulae inserted caudally into the
external jugular veins. Body temperature (monitored
by rectal probe) was maintained at37C by heat from
an infra-red lamp.

Standardization ofbronchoconstrictorresponses

Reproducible bronchoconstrictor responses of from
10 to 20mmHg were obtained by injecting histamine
(2 to 20 fig/kg) intravenously at 5 min intervals. Re-
sponses of this magnitude represented 30 to 60% of
the maximum possible bronchoconstriction and were
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usually accompanied by transient hypertension and
tachycardia.

Electrical stmulation ofspinal nerve trunks

The technique used followed that of Burden et al.
(1971) modified for the guinea-pig from the original
method of Gillespie & Muir (1967), with the impor-
tant exception that discrete areas of the thoracic
spinal outflow rather than its entirety were stimu-
lated (Gillespie, McLaren & Pollock, 1970). Stimu-
lation parameters were 40V, pulse width 0.5 ms,
frequency 0.125 to 8 Hz. Unless otherwise indicated
the period of stimulation was 120s beginning 90s
before an intravenous injection of-histamine. Skelet-
al muscle twitches accompanying stimulation were
blocked by tubocurarine (1 mg/kg i.v.) injected ini-
tially and thereafter at intervals of between 90 and
120 min.

Reserpine pretreatment

Randomly selected animals were pretreated with
reserpine (5mg/kg i.p.) 48 and 24 h prior to being
prepared for experiments and then immediately ad-
renalectomized. Depletion of transmitter norad-
renaline by this treatment regime was confirmed by
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Flgwe 1 (a) Inhibition of histamine-induced bronchospasm (bronchodilatation) together with (b) concomitant
increases in basal heart rate following electrical stimulation (1 Hz for 120 s) of the spinal nerve trunks of pithed
guinea-pigs with the stimulating electrode at various positions within the thoracic spinal canal. (0) Intact animals,
n = 3-7; (0) adrenalectomised animals, n = 5. Vertical bars, indicating s.e.mean, are shown where n> 3. The 9cm
and 11 cm positions correspond to thoracic vertebrae 3/4 and 9/10 respectively.
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the absence of a pressor response to intravenous
tyramine (10 mg/kg), a dose ten fold greater than that
required to produce marked hypertension in control
animals.

Materials

Drugs used were: halothane (May and Baker); his-
tamine diphosphate, (±)-propranolol hydrochloride,
reserpine and tyramine (Sigma); tubocurarine
chloride (Burroughs Wellcome). All drugs given in-
travenously were dissolved initially and then diluted
in sterile 0.85% saline. Reserpine was dissolved at a
concentration of 36 mg/ml in a mixture of warm
benzyl alcohol (0.2 ml) and Tween 80 (0.5 ml) and
then diluted to 2.5 mg/ml with distilled water before
intraperitoneal injection.

Results

Electrical stimulation (1 Hz) of the thoracic spinal
outflow consistently inhibited histamine-induced
bronchospasm. This inhibition will be defined as
bronchodilatation throughout this study. The degree
of bronchodilatation varied with the position of the
stimulating electrode. In intact animals maximum
bronchodilatation, unaccompanied by tachycardia,
occurred when the electrode was approximately
11 cm from the point of entry of the pithing rod into
the skull (Figure la). In contrast, after adrenalec-
tomy maximum bronchodilatation occurred when
the electrode was positioned more cranially (9cm
from point of entry). At this position marked
tachycardia accompanied nerve stimulation both in
intact and adrenalectomized animals (Figure lb).
The location of the electrodes, revealed by X-ray
photography, showed that when positioned 9 and
11cm from point of entry into the skull the electrode
was stimulating spinal nerve roots associated with
thoracic vertebrae 3 to 4 (T3) and 9 to 10 (T9)
respectively. Bronchodilatation following stimula-
tion at T9, which is anatomically close to the adrenal
glands, was virtually abolished by adrenalectomy
(Figure la). This selective bronchodilator effect can
be attributed to release of adrenaline from the adren-
al medulla. Accordingly, subsequent experiments
were designed to investigate the pharmacology of
bronchodilatation provoked by nerve stimulation at
the more cranial position, T3. For this purpose stimu-
lation parameters that produced just maximal bron-
chodilatation were sought by varying either the fre-
quency or duration of nerve stimulation. In both
intact and adrenalectomized animals bronchodilata-
tion and tachycardia following stimulation at T3 for
120s were related to frequency in the range 0.125 to
8 Hz, (Figure 2). When the duration of the stimulus at
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Flgwe 2 Frequency-response relationships for inhibi-
tion of histamine-induced bronchospasm (bronchodila-
tation) and elevation of basal heart rate following elec-
trical stimulation (40V, 120 s) of spinal nerve trunks of
pithed guinea-pigs with the electrode in theT3 position.
(0, 0) Airway responses in intact and adrenalectomized
animals respectively; (U, 0) corresponding changes in
heart rate. Each point represents the mean result from
experiments in 7 animals, standard errors of the mean
have been omitted for clarity. The mean error for bron-
chodilatation was ± 4.6% and for tachycardia ± 8.6
beats/min.

T3 was reduced from 120 to 10 s ceasing immediately
prior to the injection of histamine, the resulting
bronchodilatation was essentially unchanged. The
exception was at a frequency of 1 Hz when the shor-
ter stimulus produced significantly less bronchodila-
tation. Persistence of the bronchodilator response
was investigated by increasing the time interval be-
tween the beginning of a single stimulus train (8 Hz
for 1Os) and the subsequent injection of histamine.
Figure 3 illustrates that bronchodilatation declined as
this interval was increased from 10 s -to 4 min. Thus,
stimulation at 8Hz for lOs, ceasing immediately
before the injection of histamine, produced a just
maximal bronchodilator response. Propranolol (0.01
to 1 mg/kg) strongly inhibited bronchodilatation by
this stimulus. Inhibition was dose-related and accom-
panied by equivalent blockade of the concomitant
tachycardia (Figure 4). Higher doses of propranolol
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FIgure 3 Inhibition of bronchospasm (bronchodilata-
tion) in pithed guinea-pigs by electrical stimulation at T3
of the thoracic sympathetic outflow (40 V, 8 Hz for lO s)
for increasing time intervals (10 s-4 min) before inject-
ing histamine. Each point represents the mean result
from experiments in 5 animals; vertical lines show
s.e.mean.

(1 to 3 mg/kg) were required to inhibit the bron-
chodilator effect of prolonged stimulation (120s,
8 Hz) at T3. The tachycardia accompanying pro-
longed stimulation was also less well inhibited by
propranolol (results not shown).
To investigate whether the bronchodilator effect of

nerve stimulation at T3 was due to the release of
neuronal noradrenaline, animals were pretreated
with reserpine (see methods). The sensitivity to in-
travenous histamine was unchanged by this pretreat-
ment. However, both tachycardia and bronchodilata-
tion provokedbyprolonged nerve stimulation (120 s,
8 Hz) at T3 were virtually abolished following reser-
pine.

Discusion

The present results confirm those of Burden et al.
(1971) that electrical stimulation of the thoracic spi-
nal outflow inhibits bronchoconstriction in pithed
guinea-pigs. Two discrete bronchodilator pathways
have been identified. One, originating at the level of
the 9th and 10th thoracic vertebrae (T9), was clearly
due to the release of adrenal catecholamines, and was
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Figure 4 Inhibition by propranolol of both nerve
stimulated (8Hz, 10s, T3) bronchodilatation (0) and
concomitant tachycardia (0) in pithed guinea-pigs.
Each point represents the mean±s.e.mean (vertical
bars) result from experiments in 7 to 12 animals in which
the control value for inhibition of histamine-induced
bronchospasm by nerve stimulation was 56.0±4.1%
(mean ± s.e.mean).

absent in adrenalectomized animals. The released
catecholamines (predominantly adrenaline) were
bronchoselective, marked bronchodilatation being
achieved without any concomitant tachycardia. The
bronchodilator response following stimulation of the
3rd and 4th thoracic vertebrae (T3), which persisted
after adrenalectomy, was accompanied by tachycar-
dia and both responses were frequency-related.
Bronchodilatation was relatively transient, becoming
less as the interval between stimulation and the sub-
sequent injection of histamine was increased. When
just-maximal stimuli (8Hz, lOs) were used, pro-
pranolol blocked both bronchodilatation and
tachycardia. There was no evidence that bron-
chodilatation was blocked less effectively than
tachycardia. Higher doses of propranolol were re-
quired to inhibit both tachycardia and bronchodilata-
tion when prolonged trains of stimuli were applied,
indicating the competitive nature of such blockade.
Reserpine pretreatment virtually abolished both the
tachycardia and the bronchodilator responses to pro-
longed (8Hz, 120 s) stimulation. This is clear evi-
dence that the bronchodilator effect of nerve-
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stimulation at T3 resulted from sympathetic nerve
stimulation only.

Histological evidence shows that the adrenergic
innervation to bronchial smooth muscle in the
guinea-pig is very sparse (O'Donnell et al., 1978).
Thus, bronchodilatation probably results from the
overflow of noradrenaline from the adjacent, well-
innervated, vasculature. Direct measurements show
that sympathetic nerve stimulation releases norad-
renaline from perfused rabbit lung preparations
(Tong, Mathe & Tisher, 1978). Since the bronchial
smooth muscle of this species is also virtually devoid
of sympathetic nerves (Mann, 1971), bronchial
smooth muscle tone appears to be modulated in vivo
by an adrenergic mechanism distinct from that of
either circulating adrenaline or direct innervation.
This contention is supported by previous studies
showing that P-adrenoceptor blockade consistently
enhances in vivo responses to bronchoconstrictor
agents, bothin normal and adrenalectomized animals
(Collier, James & Piper, 1965; Farmer & Lehrer,
1966; McCulloch et al., 1967).
Obviously it is not possible to carry out, in man,

nerve stimulation experiments analogous to those

described in this paper. Thus, conclusions about the
nature of human bronchodilator pathways must be
drawn from less direct evidence. Limited histochemi-
cal studies of human isolated airway smooth muscle
have revealed no evidence for an adrenergic innerva-
tion of this tissue (Richardson & Beland, 1976).
However, it is generally accepted that human lungs as
a whole are innervated by sympathetic nerve fibres,
the terminals of which are probably situated pre-
dominantly in the vasculature (Murray, 1976). In
addition, non-selective P-adrenoceptor blocking
drugs such as propranolol provoke bronchospasm,
particularly in asthmatics (McNeill & Ingram, 1966).
Despite recent conjecture about an alternative
mechanism (Maclagan & Ney, 1979)_ this effect is
best attributed to blockade of P-adrenoceptors in
airway smooth muscle, a view derived from the study
by Beumer (1967) who showed that impaired airway
function was not associated with the dextrorotatory
isomer of propranolol. Thus, the possibility exists
that in man, as well as in the guinea-pig, sympathetic
innervation to the pulmonary vasculature exerts
bronchodilator tone over adjacent airway smooth
muscle.

Rfee

ARMSTRONG, J M.A. & BOURA, A.L.A. (1973). Effects of
clonidine and guanethidine on peripheral sympathetic
nerve function in the pithed rat. Br. J. Pharmac., 47,
850-852.

BEUMER, H.M. (1967). Inhalation of beta-adrenergic
blockers by asthmatics. Lancet, i, 993.

BURDEN, D.T., PARKES, M.W. & GARDINER, D.G. (1971).
The effect of F-adrenoceptive blocking agents upon the
response to bronchoconstrictor drugs in the guinea-pig
air-overflow preparation. Br. J. Pharmac., 41,122-131.

CHESROWN. S.E., VENGOPALAN, C.S., GOLD, W.M. &
DRAZEN, J.ML (1980). In vivo demonstration of norad-
renergic inhibitory innervation of the guinea-pig
trachea. J. cin. Invest., 65, 314-320.

COLEMAN, R.A. & LEVY, G.P. (1974). A non-adrenergic
inhibitory nervous pathway in guinea-pig trachea. Br. J.
Pharmac., 52,167-174.

COLT 1IER, H.OJ., JAMES, G.W.L. & PIPER, PJ. (1965). In-
tensification by adrenalectomy or P-adrenergic block-
ade of the bronchoconstrictor action of bradykinin in the
guinea-pig. J. Physuol., 180, 13P.

DIXON, WE. & BRODIE, T.G. (1903). Contributions to the
physiology of the lungs. Part I. The bronchial muscles,
their innervation and the action of drugs upon them. J.
PhysioL, 29, 97-173.

FARMER, J.B. & LEHRER, D.N. (1966). The effect of iso-
prenaline onthe contraction ofsmooth muscle produced
by histamine, acetylcholine or other agents. J. Pharm.
Pharmac., 18, 649-656.

FOSTER, R.W. (1964). A note on the electrically transmur-

ally stimulated isolated trachea of the guinea-pig. J.
Phanm. Phamwac., 16,125-128.

GTTXLESPE, J.S., MACLAREN, A. & POLLOCK D. (1970). A
method of stimulating different segments of the au-
tonomic outflow from the spinal column to various
organs in the pithed cat and rat. Br. J. Phamc., 40,
257-267.

GILLESPIE, J.S. & MUIR, T.C. (1967). Amethod of stimulat-
ing the complete sympathetic outflow from the spinal
cord to blood vessels in the pithed rat. Br. J. Pharmac.
Chemother., 30,78-87.

KALENBERG, S. & SATCHELL, D.G. (1979). The inhibitory
innervation of the guinea-pig trachea: a study of its
adrenergic and non-adrenergic components. Clin. exp.
Pharmac. Physiol., 6,549-559.

McCULLOCH, M.W., PROCTOR, C. & RAND, MJ. (1967).
Evidence for an adrenergic homeostatic bronchodilator
reflex mechanism. Eur. J. Pharmac., 2,214-223.

McNEILIL, R.S. & INGRAM, C.G. (1966). Effect of pro-
pranolol on ventilatory function. Am. J. Cardiology, 18,
473-475.

MACLAGAN, J. & NEY, U.M. (1979). Investigation of the
mechanism of propranolol-induced bronchoconstric-
tion. Br. J. Pharmac., 66,409-418.

MANN, S.P. (1971). The innervation of mammalian bron-
chial smooth muscle; the localisation of catecholamines
and cholinesterases. Histochem. J., 3,319-331.

MURRAY, J.F. (1976). The Normal Lung, Philadelphia:
W.B. Saunders.

O'DONNELL, S.R., SAAR, N. & WOOD, L.J. (1978). The



254 GILLIAN A. AINSWORTH, L.G. GARLAND & A.N. PAYNE

density of adrenergic nerves at various levels in the
guinea-pig lung. Clin. exp. Pharmac. Physiol., 5,
325-332.

RICHARDSON, J.B. (1979). Nerve supply to the lungs. Am.
Rev. Resp., Dis., 119,785-802.

RICHARDSON, J.B. & BELAND, J. (1976). Nonadrenergic
inhibitory nervous system in human airways. J. appl.
Physiol., 41, 764-771.

RICHARDSON, J.B. & BOUCHARD, T. (1975). Demonstra-
tion of a nonadrenergic inhibitory nervous system in the
trachea of the guinea-pig. J. Allergy Clin. Immunol., 56,
473-480.

TONG, E.Y., MATHE, A.A. & TISHER, P.W. (1978). Release
of norepinephrine by sympathetic nerve stimulation
from rabbit lungs. Am. J. Physiol., 235, H803-H808.

(Received February 1, 1982.
Revised April23, 1982.)


