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ABSTRACT: The cervical sympathetic trunks innervate the carotid bodies, carotid
baroreceptors, thyroid gland and the upper airway mucosa, structures which can
influence breathing and upper airway resistance. However, their role in the control of
ventilation and upper airway patency is poorly understood.

A constant airflow was applied to the upper airway through a high-cervical trache-
ostomy in anaesthetized rats breathing spontaneously through a low-cervical trache-
ostomy. The peripheral ends of the cut cervical sympathetic trunks were stimulated
electrically and airflow resistance and ventilation were measured. The effects of cervi-
cal sympathetic trunk section on ventilation were also measured in conscious rats.

In conscious rats, cutting the sympathetic trunks caused a decrease in ventilation
during normoxia but only slightly affected ventilatory responses to hypoxia and
hypercapnia. In anaesthetized rats, sympathetic trunk stimulation caused an inhibi-
tion of breathing which was sometimes followed by excitation. These responses were
unaffected by o- or [B-adrenoceptor blockade but were abolished by cutting the
carotid sinus nerves. Sympathetic stimulation also caused a fall in upper airway
resistance which was reduced by bypassing the nose, unaffected by propranolol or
carotid sinus nerve section and abolished by phentolamine.

It was concluded that the cervical sympathetic nerves exert important influences
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The cervical sympathetic nerve trunks contain a large
number of preganglionic and postganglionic sympathetic
nerve fibres which innervate a variety of structures in the
head and neck, with a potential to influence ventilation and
upper airway resistance. These include the sympathetic
innervation to the carotid body [1], carotid sinus [2], thy-
roid gland [3] and the vasculature of the upper airway
mucosa [4].

Several studies have examined the effects of cervical
sympathetic nerve stimulation on carotid body function
and on ventilation in anaesthetized and decerebrate cats
but results have been conflicting. Thus, although sympa-
thetic stimulation can cause small increases or decreases
in chemoreceptor activity in the sinus nerve [5], it usually
induces a large increase in ventilation [6] which is abol-
ished by sinus nerve section. Therefore, the ventilatory
effects appear unrelated to chemoreceptor afferent activity,
yet cutting the sinus nerves abolishes the ventilatory effect.
The sinus nerves also contain carotid sinus baroreceptor
afferents which can influence ventilation and the activity
of which can be increased by sympathetic stimulation [7].
However, this appears to be an unlikely explanation for the
ventilatory excitation caused by sympathetic stimulation
since baroreceptor activity is inhibitory to breathing [8].

Recently, it has been shown that cutting the ganglio-
glomerular nerves containing the sympathetic nerve sup-
ply to the carotid body causes a decrease in ventilation in
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normoxia but has no effect on the ventilatory responses to
hypoxia and hypercapnia in awake goats [9]. However, in
anaesthetized cats, ganglioglomerular nerve section enhan-
ces the carotid chemoreceptor response to sustained hypo-
xia [10]. Cervical sympathetic nerve stimulation affects
thyroid hormone secretion in mice [3] and removal of the
superior cervical ganglion decreases thyroid hormone sec-
retion in the rat [11]. However, in these studies, the effects
on metabolic rate and breathing were not examined.

Since the cervical sympathetic nerves exert an influence
on ventilation and thyroid function and since the activity
in these nerves has a respiratory modulation and is stimu-
lated by systemic hypoxia and hypercapnia [12], it was
hypothesized that cutting the cervical sympathetic trunks
should affect ventilation and the ventilatory responses to
hypoxia and hypercapnia. Therefore, the purpose of the
present investigation was to examine the effects of cervi-
cal sympathetic nerve section on ventilation in normoxia,
hypoxia and hypercapnia in conscious rats. In addition,
because of the controversial findings concerning the eff-
ects of cervical sympathetic nerve stimulation on breath-
ing, the ventilatory effects of cervical sympathetic nerve
stimulation in anaesthetized rats were also examined in
order to establish the ventilatory effects of the activation
of these nerves in this species.

It has previously been demonstrated that passing cool
air through the isolated upper airway causes a fall in upper
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airway resistance in anaesthetized rats [13]. This effect is
mediated in part by a superior laryngeal nerve-dependent
increase in upper airway dilator muscle activity [13, 14].
However, upper airway cooling also causes a substantial
fall in upper airway resistance after cutting the superior
laryngeal nerves and it has been suggested that this is due
to a direct vasoconstrictor effect of cooling on the vascula-
ture of the upper airway mucosa leading to a thinning of
the mucosa, an increase in airway luminal cross-sectional
area and a fall in airflow resistance [13]. If this is true,
then constriction of the upper airway vasculature by other
means should also result in a fall in airflow resistance in the
same preparation. In anaesthetized cats, intravenously ad-
ministered vasodilators decrease pharyngeal cross-sectional
area [15] and application of vasoconstrictors directly to
the upper airway mucosa in humans increases pharyngeal
cross-sectional area [16] and reduces pharyngeal resist-
ance [17]. Therefore, regulation of upper airway mucosal
blood flow may be an important determinant of upper air-
way patency [15] but little is known about autonomic
nervous system control of this flow. In obstructive sleep
apnoea, upper airway patency is compromised and this
condition is associated with elevated sympathetic nervous
system activity [18]. It is known that cervical sympathetic
stimulation causes an increase in nasal mucosal vascular
resistance and a decrease in nasal airway resistance in
anaesthetized dogs [4] but the effects of activation of these
nerves on the rest of the upper airway are not known. The
present experiments test the hypothesis that stimulation of
the sympathetic vasoconstrictor fibres to the upper airway
mucosa causes a fall in upper airway airflow resistance in
anaesthetized rats with the nasal airway open or bypassed.
The effect of carotid sinus nerve section was also exam-
ined since sympathetic stimulation is known to affect car-
otid chemoreceptor and baroreceptor activity [5, 7] which,
in turn, might affect upper airway resistance by reflexly
affecting upper airway muscle activity [19].

Materials and methods

Thirty nine male Wistar rats (300450 g body weight)
(BioResources Unit, Trinity College, Dublin, Ireland) were
anaesthetized with chloralose and urethane (100 mg-kg-!
and 1 gkgl, respectively, i.p.). Body temperature was
maintained at 37°C using a rectal probe and thermostati-
cally controlled heating blanket. The trachea and cervical
sympathetic trunks were exposed by means of a ventral
midline incision in the neck and a cannula was inserted
into a low-cervical tracheostomy through which the animal
breathed room air spontaneously. A heated pneumotacho-
graph (Hans Rudolph, KS, USA) and differential pressure
transducer (Validyne DP 15, Northridge, CA, USA) were
attached to this cannula to record airflow and this signal
was integrated on a computer to give tidal volume. Cannu-
lae were inserted into an external jugular vein to adminis-
ter drugs and supplemental anaesthetic as required and
into a femoral artery to record arterial blood pressure. In
10 out of the 39 animals, the carotid sinus nerves were
dissected free from surrounding tissues using a micro-
scope and either cut (five animals) or marked with threads
for section later in the experiment (five animals). The cer-
vical sympathetic nerve trunks were carefully separated
from the carotid sheath and cut low in the neck. The distal

ends of both nerves were placed on bipolar stainless-steel
electrodes and stimulated (10 V, 1 ms, 20 Hz) for 2040 s.
These stimulus parameters were chosen to ensure maxi-
mal activation of sympathetic fibres [4, 5, 20].

In order to measure upper airway resistance, a cannula
was inserted into a high-cervical tracheostomy and pushed
rostrally to the level of the cricoid cartilage. A steady flow
of warmed (37°C), humidified air was applied to the
upper airway through this cannula at a rate of 10-20
mL-s-kg-! to exit through the mouth and nose or through
the mouth only, having sealed the nose. This flow was
measured using a heated pneumotachograph (Hans
Rudolph) and differential pressure transducer (Validyne
DP 45) placed in series with the cricoid cannula. A ther-
mocouple microprobe (Physitemp TM-8 (Clifton, USA),
time constant 0.08 s) was inserted into a side-arm of the
cricoid cannula to measure airflow temperature. Subglottic
pressure was mea-sured from another side-arm of the cri-
coid cannula using a differential pressure transducer (Vali-
dyne DP 15). Upper airway airflow and temperature and
subglottic pressure were recorded, along with arterial blood
pressure, tracheal airflow and tidal volume, using a com-
mercial data acquisition system and stored for later analy-
sis on a microcomputer. Upper airway resistance was
calculated from values for upper airway flow and subglot-
tic pressure. Ventilation and upper airway resistance were
measured continuously before, during and after sympa-
thetic stimulation. For each animal, this was repeated (one
trial only) after sealing the nose, administration of pro-
pranolol (1 mg-kg! i.v.), a B-adrenoceptor antagonist, and
again following administration of phentolamine (1 mg-kg-
I i.v.), an o-adrenoceptor antagonist (see table 1). This
protocol was not completed for all animals because of
technical difficulties. Of the 10 animals which had their
carotid sinus nerves exposed at the beginning of the exper-
iments (see above), in five, the carotid sinus nerves were
cut at the beginning of the experiment and the effects of
sympathetic nerve stimulation on ventilation and upper
airway resistance were examined. These five animals did
not receive propranolol or phentolamine treatment. In the
other five animals, the carotid sinus nerves were cut after
phentolamine treatment. However, the effects of carotid
sinus nerve section on the upper airway resistance
response to sympathetic stimulation could not be exam-
ined in these 5 animals since the upper airway resistance
response was abolished by phentolamine. Mean upper air-
way resistance, blood pressure, respiratory frequency (fR),
inspiratory time (#1), expiratory time (¢E), tidal volume (V'T)
and minute ventilation (V'E) were calculated for the last 10
breaths before stimulation and for 10 consecutive breaths
during the maximum change from baseline values. Maxi-
mum changes for all ventilatory variables occurred simul-

Table 1. — Numbers of animals in which sympathetic
stimulation was carried out under various conditions

Nose Nose Propra- Phento- Cut

open closed nolol lamine CSN
CSN cut 5 5 - - -
CSN intact 34 29 16 16 5

Values indicate numbers of animals in which sympathetic
stimulation was carried out under the conditions indicated by
the column headings. These conditions were induced in seq-
uence from left to right. CSN: carotid sinus nerve.
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taneously. Data are expressed as absolute values or as
percentage change from control. The percentage change
from control was calculated as the difference between
control and response values expressed as a percentage of
the control value. Percentage changes are presented owing
to interanimal variation in baseline values, particularly for
upper airway resistance [21]. Responses to sealing the
nose (compared with nose open), propranolol and phen-
tolamine treatment (compared with before treatment) and
sympathetic stimulation (compared with before stimula-
tion) were compared for each experiment using analysis
of variance (ANOVA) and Fisher's least significant differ-
ence test with p<0.05 taken as significant.

An additional 12 male Wistar rats (350450 g body
weight) were anaesthetized by diethyl ether inhalation and
the cervical sympathetic trunks exposed through a ventral
midline incision in the neck. In six animals, both trunks
were cut in the midcervical region and in six others, the
trunks were left intact (sham-operated). The incision was
closed with separate stitches and the animals were
allowed to recover for 2-3 days. Bilateral ptosis was pre-
sent in all animals with sympathetic trunk section. Ani-
mals were placed unrestrained in a 2 L airtight chamber at
24°C to record ventilation by barometric plethysmography,
as described previously [19, 22]. In brief, pressure chan-
ges in the chamber due to breathing were measured rela-
tive to an identical reference chamber using a differential
pressure transducer (Mercury M3, Glasgow, UK). Both
chambers had 100% relative humidity. The pressure signal
was recorded using a commercial data acquisition system
(MacLab Mk3, AD Instruments, NSW, Australia) and
stored for later analysis on a microcomputer. The pressure
fluctuations in the chamber occur owing to warming and
humidification of the inspired gas and cooling and con-
densation of the expired gas causing a slight increase and
decrease, respectively, of total chamber pressure. Tidal
volume was calculated using the formula of DrorsavcH and
Fewv [23] and the correction formula of Jacky [24]. Body
temperature was not measured and was assumed to be
37°C. Animals were allowed 30 min to accustom them-
selves to the chamber before any ventilatory measure-
ments were made. The chamber was flushed with warmed
(24°C), humidified air containing 0%, 3%, 6% and 9%
CO, and 10% O, in N, at a rate of 6 L-min-l. Inflow and
outflow gas concentrations were monitored using an O,
and CO, analyser (Engstrom Eliza Duo). Five minutes
were allowed for equilibration with each gas mixture and
a recovery period of 5 min was allowed between each gas
trial. Gases were given in a random order. The system was
calibrated by injecting and withdrawing 0.1 or 0.2 mL of
air using a syringe. Mean fR, f1, fE, fi/total respiratory
cycle duration (rtot), VT, V1/f1 and V'E were calculated for
10-20 breaths during a steady state period for each trial
when breathing was regular and movement artefact was
absent. Values are expressed as mean absolute values or as
percentage changes from air values (+sp). Responses to the
three levels of hypercapnia are expressed as the mean
slopes of the regression lines of CO, concentration versus
percentage change from air values (zsg). The effects of
sympathetic nerve section on ventilatory variables while
breathing air and on ventilatory responses to hypoxia and
hypercapnia were tested for statistical significance using
one-way ANOVA. Differences were considered signifi-
cant at p<0.05.

Results

Effect of cervical sympathetic nerve stimulation on venti-
lation in anaesthetized rats

With the nose open and the carotid sinus nerves intact,
sympathetic stimulation had no effect on ventilation in
seven out of 34 animals (five out of the 39 animals had the
sinus nerves cut at the beginning of the experiments).
However, the main effect of sympathetic stimulation on
ventilation was inhibitory, consisting of a decrease in VT,
SR and V'E (27 out of 34 animals) which began in all cases
within 1-2 s and either persisted for the duration of stimu-
lation or was followed during the stimulus period by an
excitation, as shown in figure 1. The excitation (14 out of
27 animals) usually persisted for 1-2 min after the end of
the stimulus period and sometimes appeared only when
the stimulus was removed. These effects are quantified in
figure 1.

Both types of ventilatory response to sympathetic stim-
ulation were absent following section of both sinus nerves
in 10 animals. In five of these, the sinus nerves were cut at
the beginning of the experiment and subsequent sympa-
thetic stimulation had no effect on ventilation (fig. 2). In
the other five, the sinus nerves were initially left intact and
the sympathetic nerves were stimulated. In all five, sym-
pathetic stimulation reduced ventilation and two of these
also showed the excitatory effect. Cutting the sinus nerves
abolished both responses.

Effect of cervical sympathetic nerve section on ventila-
tion in conscious rats

While breathing air, compared with intact animals,
sympathectomized animals had a significantly lower VT
(0.44+0.06 versus 0.24+0.04 mL-100 g'), V'E (45.8+4.8
versus 24.8+8.1 mL-min-!-100 g!), mean inspiratory flow
(2.23+0.19 versus 0.97+0.28 mL-s1-100 g1) and 11 (0.26+
0.03 versus 0.20+0.02 s) and a significantly higher #1/ttot
(0.34+0.03 versus 0.42+0.03), whereas fR (105.3+18.8 ver-
sus 97.1+£22.3 min'!) and ¢E (0.38+0.07 versus 0.37+0.09
s) were not significantly affected (all values are means=sp,
p<0.05, one-way ANOVA). Ventilatory responses to hypo-
xia and hypercapnia in intact and sympathectomized ani-
mals are shown in table 2. Sympathectomy had little effect
on these responses except for an increase in the 71 response
to hypoxia and a slight reduction in the slope of the respi-
ratory fR to hypercapnia.

Effect of cervical sympathetic nerve stimulation on upper
airway resistance in anaesthetized rats

Sympathetic stimulation was associated with a signifi-
cant fall in upper airway resistance in 29 out of 34 animals
and had no effect in five of the 34 animals with intact
sinus nerves and open nose (5 out of 39 animals had the
sinus nerves cut at the beginning of the experiments). The
reduction in resistance was usually rapid in onset and per-
sisted for the duration of stimulation. When the stimul-
us was removed, recovery to control values was complete
in 1-2 min. Examples of the effect are shown in figures 2
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Fig. 1. — Effect of sympathetic nerve stimulation on ventilation. Top panel shows a record of the effects of sympathetic stimulation (period of stimu-
lation indicated by bar) on: a) tracheal airflow; and b) tidal volume. In the bottom panel, changes in respiratory frequency (fR), tidal volume (VT),
minute ventilation (V'E), inspiratory time (#1) and expiratory time (ZE) expressed as per cent change (mean=+sp) from pre-stimulation baselines during: c)
inhibitory phase; and d) excitatory phase.
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Fig. 2. — Ventilatory and upper airway (UA) resistance responses to sympathetic stimulation (period of stimulation indicated by bar) following section
of the carotid sinus nerves: a) tracheal airflow; b) tidal volume; ¢) UA airflow; d) UA pressure; and e) UA temperature. Minimal changes in ventilation
are observed but there is a fall in UA pressure (hence resistance since airflow remains constant during the period of stimulation with a recovery to pre-
stimulation levels approximately 15 s post-stimulation.

and 3. Sealing the nose caused a significant increase in because baseline resistance was greater after sealing the
upper airway resistance (264.2+140.7 cmH,0-L-1-s-1-kg!, nose because, in absolute values, the fall in resistance was
nose open and 482.0+160.4 cmH,O-L-!-s1-kg-!, nose clos- similar, i.e. 39.1 and 41.9 cmH,O-L'!-s1-kg! during sti-
ed, p<0.05) and the reduction in upper airway resistance mulation for the nose open and closed, respectively. In all
caused by sympathetic stimulation was less than that five out of the 39 animals which had their carotid sinus

when the nose was open (fig. 4). This may have been nerves cut at the beginning of the experiment, sympathetic
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Table 2. — Effects of sympathetic nerve section on ventilatory responses to hypoxia and hypercapnia

R vr V'E 1 1E 11/ttot v
Intact (n=6)
10% O, 30.0 (13.2) 15.4 (58.5) 45.6 (59.6) -12.9 (13.7) -23.6 (10.8) 8.9 (10.8) 28.3 (43.3)
COys 7.5 (2.3) 85 (2.7) 21.6 (49 2.8 (1.1) -6.0 (1.6) 34 (14 11.6 (3.7)
Cut (n=6)
10% O, 2.7 (32.1) 50.0 (72.7) 70.3 (116.1) 17.6 (28.1)* -5.3 (39.9) 15.4 (20.5) 44.2 (99.8)
COys -1.5 @27)* 18.8 (7.0) 115 (6.7) 34 (1.6)* 37 3.02* -04 (09* 12.6 (5.9)

Values for 10% O, are mean (sb) percentage changes from air values and values for CO, are mean (st) slopes of responses to 3, 6 and
9% CO, before, i.e. sham-operated (Intact), and after (Cut) cutting the sympathetic nerve trunks. fR: respiratory frequency; VT: tidal
volume; V'E: minute ventilation; #I: inspiratory time; fE: expiratory time; ftot = #I + ¢E, VT/tI: mean inspiratory flow. *: p<0.05, signifi-

cant difference from Intact (one-way analysis of variance).
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Fig. 3. — Effect of sympathetic nerve stimulation (period of stimulation indicated by the bar) on: a) spontaneous tracheal airflow; b) tidal volume; c)
upper airway (UA) airflow; d) UA pressure; ) UA temperature; and f) blood pressure. During the period of stimulation there is an initial decrease fol-
lowed by an increase in ventilation that persisted 2 min after the stimulus period (not shown). UA pressure (hence UA resistance since airflow remains
constant) also decreased during stimulus but recovered to pre-stimulus values approximately 20 s post-stimulus.

stimulation also caused a fall in upper airway resistance
(-14.9+9.8%, nose open) with the nose either open or clos-
ed (fig. 2).

The ventilatory changes described above were unrelated
in time course or direction to the upper airway resistance
changes (see figs. 2 and 3). The effects of sympathetic
stimulation on blood pressure were variable. Out of 34
animals, sympathetic stimulation caused a significant fall
in blood pressure (-24.7+12.2%) in 17, a significant in-
crease in blood pressure (+12.8+10.2%) in seven and no
significant change in blood pressure (+0.6+2.8%) in 10.

Effects of sympathetic stimulation on blood pressure fol-
lowing carotid sinus nerve stimulation were also variable.
The time course and direction of the blood pressure chan-
ges were unrelated to the changes in upper airway resist-
ance or ventilation.

Treatment with propranolol in 16 animals had no effect
on ventilation or upper airway resistance but caused a de-
crease in blood pressure (-19.1+17.1%). Propranolol had no
effect on the reduction in upper airway resistance caused
by sympathetic stimulation (fig. 4) and had variable
effects on the ventilatory responses. Subsequent treatment
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Fig. 4. — Effect of sympathetic nerve stimulation on upper airway

resistance. Bars indicate per cent change (mean+sp) from pre-stimula-
tion baselines with nose open (n=29), nose closed (n=29), following
administration of propranolol (n=16), and following administration of
phentolamine (n=16). *: p<0.05 significant difference from nose open;
f: p<0.05 significant difference from propranolol.

with phentolamine in the same 16 animals caused a fur-
ther reduction in blood pressure (-26.0+17.4%) but had no
effect on ventilation or upper airway resistance. Phen-
tolamine had variable effects on the ventilatory response
to sympathetic stimulation but it abolished the fall in
upper airway resistance caused by sympathetic stimula-
tion (fig. 4).

Discussion

The present results show that electrical stimulation of
the cervical sympathetic trunks caused a substantial de-
crease in ventilation which was sometimes succeeded by
excitation. These effects were abolished by cutting the car-
otid sinus nerves but were resistant to o- and B-adrenergic
blockade. Sympathetic stimulation had variable effects on
blood pressure and caused a fall in upper airway resist-
ance. This effect was still present when the nose was by-
passed and following [B-adrenergic blockade with pro-
pranolol but was abolished by a-adrenergic blockade with
phentolamine. In conscious rats, ventilation breathing air
was reduced by sympathectomy but ventilatory responses
to hypoxia and hypercapnia were only slightly affected.

The predominant effect of sympathetic stimulation on
ventilation was inhibitory. This is at variance with the
excitatory effect on breathing caused by sympathetic stim-
ulation in decerebrate cats [6] and in anaesthetized dogs
[4]. MiLs and Sampson [6] occasionally observed an inhibi-
tory effect which they ascribed to a baroreflex, since
baroreceptors can be activated by sympathetic stimulation
[7] and since baroreceptor discharge inhibits breathing
[8]. However, this is an unsatisfactory explanation for the
ventilatory depression since sympathetic stimulation can
also inhibit baroreceptor activity [25] and can increase, de-
crease or have no effect on baroreflex sensitivity, depend-
ing on the level of carotid sinus pressure [20]. Furthermore,
changes in blood pressure due to sympathetic stimulation
were observed in the present experiments but these chan-
ges were not related either temporally or directionally to the
ventilatory effects. Nevertheless, the ventilatory effects
were abolished by sinus nerve section, suggesting that the
effects may be due to alterations in carotid chemoreceptor
activity. However, although the effects of sympathetic

stimulation on chemoreceptor activity in the rat are un-
known, such stimulation in cats causes only slight in-
creases or decreases in carotid chemoreceptor discharge [5].

Exogenous noradrenaline causes inhibition followed
by excitation of carotid chemoreceptor activity in the cat
[26], which would be consistent with the inhibition fol-
lowed by excitation of breathing in the present expe-
riments, assuming that the ventilatory effects are due to
activation of noradrenergic nerve endings in the carotid
body. Although there are several reports to the contrary
[26, 27], the inhibitory and excitatory effects of noradren-
aline on chemoreceptor activity are believed to be medi-
ated by o- and B-adrenoceptors [10]. However, in the
present experiments, the ventilatory effects of sympathetic
stimulation were resistant to o- and 3-adrenoceptor block-
ade, again suggesting that these effects may not be due to
changes in chemoreceptor discharge.

An alternative explanation for these effects is the possi-
ble activation of sympathetic fibres coursing centrally in
the sinus nerves [1] or vagal afferents coursing in the sym-
pathetic trunk [28], which have been described in the cat.
However, it is not known whether such fibres are present
in the rat. The excitatory effect on ventilation may be sec-
ondary to the preceding inhibitory effect since the initial
hypoventilation could evoke an asphyxic stimulation of
ventilation.

In the conscious rat experiments, ventilation while breath-
ing air was substantially less in sympathectomized ani-
mals than in intact animals. One possible explanation for
this is a loss of sympathetic excitation of carotid chemore-
ceptor activity. In conscious goats, cutting the gangli-
oglomerular nerves supplying sympathetic nerves to the
carotid body or removal of the superior cervical ganglion
also causes a marked reduction in ventilation but without
affecting arterial blood CO, tension [9]. In order to explain
this discrepancy, these authors speculated that sympathec-
tomy may have altered dead space ventilation or the venti-
lation/perfusion ratio (V'/Q'). An alternative explanation
for the large decrease in ventilation in the present experi-
ments is the interruption of the sympathetic nerve supply
to the thyroid gland. It is known that electrical stimulation
of the superior cervical ganglion in mice stimulates thy-
roid hormone secretion [29] and removal of the superior
cervical ganglion decreases thyroid hormone secretion in
the rat [11]. Therefore, although metabolic rate was not
measured in the present experiment, by reducing thyroid
hormone levels, cervical sympathectomy would be ex-
pected to reduce metabolism, thereby causing a reduction
in ventilation as observed in the present work. Such a
reduction in metabolism may have reduced body tempera-
ture which would have affected the measurement of
breathing using the barometric method. Body temperature
was not measured and it was assumed to be 37°C. From
the equation of DrorsaucH and Fewv [23], a fall in body tem-
perature would have resulted in an increase in the meas-
ured VT, whereas a decrease was observed. If the fall in
ventilation was due to a fall in metabolic rate and if this
was also associated with a fall in body temperature, then
the error in the ventilatory measurement due to the body
temperature change would have meant that the fall in ven-
tilation was underestimated. The error in the calculated VT
would be approximately 5—6% per °C change in body
temperature [30].
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Since hypoxia and hypercapnia increase cervical sym-
pathetic discharge [12, 31], the effects of cervical sym-
pathectomy on ventilatory responses to these stimuli were
also examined. Sympathectomy had little effect except
that the slope of the fR response to hypercapnia was
slightly reduced by sympathectomy and that the inspira-
tory time response to hypoxia was slightly increased. This
is broadly consistent with the observation that ganglio-
glomerular nerve section has no effect on either the carotid
chemoreceptor response to acute hypoxia in anaesthetized
cats [10] or the ventilatory response to acute hypoxia in
conscious goats [9]. Furthermore, Ryan er al. [9] did not
observe any effect of ganglioglomerular nerve section on
the ventilatory response to hypercapnia.

Stimulation of the cervical sympathetic nerves also
caused a fall in upper airway resistance. A small number
of animals failed to show this response. This may have
been due to damage of sympathetic fibres during experi-
mental manipulations or to poor electrode contact due to
short-circuiting or electrode contamination. It has been
demonstrated previously that cervical sympathetic stimu-
lation causes an increase in nasal mucosal vascular resist-
ance and a fall in nasal airway resistance [4]. The
rationale for bypassing the nose in the present experi-
ments was to establish whether sympathetic stimulation
could affect the resistance of the upper airway other than
that of the nasal passage. A significant fall in upper airway
resistance was observed when the influence of the nasal
airway was eliminated, indicating that the sympathetic
nerves also influence the resistance of the remainder of
the upper airway.

These results suggest that the cervical sympathetic
nerves may play an important role in the regulation of
upper airway calibre, especially in conditions of altered
sympathetic activity such as systemic hypoxia [12] and
hypercapnia [31], sleep apnoea syndrome [18], exercise
and sleep [17]. However, it is not clear how the effect of
sympathetic activation on mucosal vascular resistance
would interact with possible direct effects of hypoxia and
hypercapnia on these vessels. In the lower airway, chan-
ges in blood flow in the mucosa appear to have only minor
effects on mucosal volume and airflow resistance [32].

The most likely explanation for the fall in upper airway
resistance is that activating the sympathetic nerves causes
an o-adrenergic vasoconstriction in the upper airway mu-
cosa, leading to a reduction in mucosal thickness and an
increase in luminal cross-sectional area. This is consistent
with the finding that the response was unaffected by
[-adrenergic blockade with propranolol but was abolished
by o-adrenergic blockade with phentolamine. Similarly,
the fall in nasal airway resistance caused by sympathetic
stimulation is also a-adrenergic mediated [4]. The fall in
resistance is unlikely to be secondary to changes in venti-
lation and blood pressure since it was not related to the
time pattern or direction of these changes. Thus the fall in
resistance was a consistent finding despite increases, de-
creases or no changes in ventilation and blood pressure. In
this regard, both propranolol and phentolamine reduced
arterial blood pressure but did not affect baseline upper
airway resistance values. Any tendency for upper airway
mucosal blood flow to be reduced by the fall in blood
pressure may have been offset by vasodilation caused by
either the drug treatment or autoregulation of blood flow.
Effects of adrenoceptor blockade on baseline upper air-

way resistance would have also been less likely because
the sympathetic nerves were cut.

It is known that cervical sympathetic stimulation affects
carotid chemoreceptor [S] and baroreceptor [2, 7] activity.
Since chemoreceptor and baroreceptor reflexes influence
sympathetic nerve activity and upper airway muscle activ-
ity [20, 33], the fall in upper airway resistance could be
secondary to changes in carotid chemosensory and baro-
sensory activity. However, this is very unlikely since cut-
ting the sinus nerves did not affect the resistance response.
Also, since both cervical sympathetic trunks were cut,
reflex effects on sympathetic nerve activity to the upper
airway would have been largely eliminated. Another pos-
sible source of reflex influences on upper airway resist-
ance would be the presence of vagal afferents coursing in
the sympathetic trunk [28]. Also, cervical sympathetic
trunk stimulation is known to inhibit intraoral mechanore-
ceptor activity in cats [34]. Therefore, one cannot entirely
exclude the possibility that sympathetic stimulation alters
the activity of upper airway receptors or vagal afferents
which might reflexly affect upper airway muscle activity
and therefore resistance. However, this is unlikely since
the resistance effect was eliminated by o-adrenergic block-
ade. The independence of the resistance and ventilatory
effects is also demonstrated by the sinus nerve section
experiments since this procedure abolished ventilatory ef-
fects but not the fall in resistance. It is also unlikely that
sympathetic stimulation could reduce upper airway resist-
ance by affecting upper airway mucosal secretion since
these nerves are known to play little part in the control of
submucosal gland secretion [35]. The variability in the
effects of sympathetic stimulation on blood pressure is
probably due to the complexity of possible influences of
stimulation on the activity of a number of receptors in-
cluding upper airway receptors, vagal afferents, carotid
chemoreceptors and carotid baroreceptors.

In conclusion, these results show that the cervical sym-
pathetic nerves exert considerable effects on ventilation in
the rat. In anaesthetized animals, electrical stimulation of
these nerves evokes a marked inhibitory effect on breath-
ing which is sometimes followed by excitation. These
effects are largely unaffected by o~ and B—adrenoceptor
antagonists but are abolished by carotid sinus nerve sec-
tion, suggesting that these effects may be mediated by
fibres coursing centrally from the cervical sympathetic
trunk through the sinus nerves. In conscious animals, cervi-
cal sympathectomy greatly reduces ventilation in normo-
xia and slightly affects ventilatory responses to hypoxia
and hypercapnia, also suggesting an important role for
these nerves in the control of breathing.

These results also show that cervical sympathetic nerve
stimulation causes a fall in upper airway resistance in
anaesthetized rats. The response is not related to changes
in blood pressure or ventilation, is reduced by excluding
the nasal airway, is unaffected by B-adrenoceptor block-
ade or carotid sinus nerve section but is abolished by
a-adrenoceptor blockade. The most likely explanation for
the response is that excitation of sympathetic vasocons-
trictor fibres to the upper airway mucosal vasculature
leads to a reduction in mucosal thickness, an increase in
upper airway luminal dimensions and a fall in airflow
resistance. However, the evidence for this is indirect since
upper airway mucosal blood flow was not measured.
These findings may be of particular relevance to the con-
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dition of obstructive sleep apnoea in which there is occlu-
sion of the upper airway and apnoea during sleep [36].
Since it is known that the apnoeic events are associated with
increas-ed sympathetic nervous system activity [18], such
activity may act to dilate or stabilize the upper airway by
an action on the upper airway mucosal vasculature.
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