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Upper airway cooling reduces upper airway resistance in
anaesthetized young guinea-pigs

A.K. Curran*, K.D. O'Halloran**, A. Bradford+

In adult animals, the upper airway (UA) has been shown
to contain receptors sensitive to UA cooling [1–5]. The
application of cool air to the isolated UA inhibits breathing
[6–9] and this effect is abolished by laryngeal anaesthesia
[6] or by cutting the superior laryngeal nerves [7–9]. UA
cooling has also been shown to modify UA dilator muscle
activity [7–11] and this effect was also abolished by supe-
rior laryngeal nerve section [7, 9, 11]. In adult rats, mod-
erate UA cooling has been shown to increase UA dilator
muscle activity and reduce UA resistance [8, 9], suggest-
ing that changes in UA temperature may play a role in the
control of UA patency.

The effects of UA cooling on UA muscle activity and
UA resistance have not been investigated in young animals.
Little is known about UA receptors in young animals,
although superior laryngeal nerve afferents responding to
UA pressure, airflow, UA movement and/or muscle activ-
ity have been described in neonatal dogs [12] and to water
in neonatal dogs [13] and neonatal sheep, cats and mon-
keys [14]. UA cooling has been shown to inhibit breathing
in neonatal dogs [15] and guinea-pigs [16] and possibly in
neonatal cats [17], and these effects were abolished by
laryngeal anaesthesia [17] or superior laryngeal nerve sec-
tion [15, 16]. Menthol, a specific cold receptor stimulant,
also inhibits breathing in neonatal dogs [18]. It has been
suggested that the ventilatory depression caused by cool-
ing and laryngeal reflex responses to water is greater in
neonates than in adults [12, 13, 17].

The purpose of the present study was to examine the
effects of UA cooling on UA dilator muscle activity and

on UA resistance in young guinea-pigs. The young guinea-
pig is known to be neurologically more mature than sever-
al other species [19]. However, it has been shown previously
that UA reflex responses are very different in 10–14-
day-old compared with adult guinea-pigs [20]. There are
also maturational differences in local airway responses,
since exsanguination-induced bronchoconstriction has been
shown to be greater in 15-day-old than in adult guinea-
pigs [21].

Materials and methods

The procedure for isolation of the UA has been des-
cribed previously [16]. In brief, 17 young guinea-pigs
(Biological Laboratories Europe Ltd., Carrentrila, Ireland)
aged 15.7±0.4 days with a body weight of 197.8±7.3 g
(mean±SD) were anaesthetised using urethane (2 g·kg-1 i.p.)
and placed supine on a thermostatically controlled heating
pad to maintain body temperature at 37°C. The fur was
removed from the ventral aspect of the neck and a midline
incision was made, exposing the trachea. With the aid of
a binocular microscope (Leica, Wild MC3, Heerbrugg,
Switzerland) a low cervical tracheostomy was performed
through which the animal could breathe spontaneously.
Tracheal airflow was continuously recorded using a heat-
ed pneumotachograph (Hans Rudolph, KS, USA) and dif-
ferential pressure transducer (Validyne DP 15, North Ridge,
CA, USA) placed in series with the tracheal cannula and
the signal was integrated to give tidal volume. A common
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ABSTRACT: In adults, the upper airway (UA) contains a variety of receptors includ-
ing cold receptors, which evoke reflex effects on ventilation and UA dilator muscle
activity, which may be important in the regulation of UA patency. However, very little
is known about UA receptors in young animals, and the effects of UA cooling on UA
dilator muscle activity and resistance have not been studied.

A constant flow of warm or cool air was applied to the isolated UA in anaesthetized,
vagotomized young guinea-pigs breathing spontaneously through a low-cervical trache-
ostomy while ventilation, UA resistance and geniohyoid muscle electromyographic
activity were recorded.

Cooling caused an inhibition of breathing, a reduction in UA resistance and an
excitation of geniohyoid muscle activity. Topical anaesthesia of the UA or sealing the
nose and cutting the superior laryngeal and glossopharyngeal nerves abolished the
ventilatory and geniohyoid muscle responses but not the fall in UA resistance.

It is concluded that upper airway cooling reflexly inhibits breathing and excites
geniohyoid muscle activity. Cooling also reduces upper airway resistance by an effect
which is not of reflex origin, possibly by reducing upper airway mucosal blood flow.
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carotid artery was cannulated and connected to a suitably
calibrated pressure transducer (Validyne DP 215) for the
measurement of arterial blood pressure. A jugular vein was
cannulated for supplemental doses of anaesthetic as re-
quired.

A high-cervical tracheostomy was performed through
which a cannula was inserted cranially and extended to lie
just below the level of the cricoid cartilage. A high pres-
sure source produced a steady flow of 5–10 mL·s-1, of
warmed, humidified air or cool, room-humidity air which
was delivered to the UA in an expiratory direction and
passed over the larynx and pharynx to exit either through
the nose and mouth (nose open) or through the mouth only
(nose sealed). UA airflow was recorded using a pneumo-
tachograph (Hans Rudolph) placed before the warm and
cool air circuit and connected to a pressure transducer
(Validyne DP 15) calibrated at the same temperature as
this airflow. The warm flow passed first through a humidi-
fication chamber which consisted of a flask containing a
small am-ount of warm water. From there the flow passed
through a coil of tubing which was contained within a
water jacket. The temperature of the air was determined
by the temperature of the water circulating through this
jacket. The coil exited the jacket and was connected to the
UA catheter through a three-way stopcock. The other arm
of the stopcock was connected to the cool airflow system.
This was identical to the warm flow system except that the
humidification chamber had no water and the heating
jacket was held at a lower temperature. The UA pressure
and airflow temperature were measured between the stop-
cock and the UA catheter. The temperature of the UA air-
flow was monitored using a thermocouple microprobe
(Physitemp, Model TH8, with probe IT21, time constant
0.08s, Clifton, USA) extended into the lumen of the UA
cannula through a sidearm. Subglottic UA pressure was
measured using a pressure transducer (Validyne DP 15)
connected to a sidearm of the UA cannula. Mean values of
UA pressure and flow were used to calculate UA resist-
ance.

The vagus, superior laryngeal and glossopharyngeal nerves
were carefully exposed bilaterally, marked with short
lengths of cotton thread and maintained intact for later
sectioning. The geniohyoid muscle, a UA dilator muscle,
was exposed and fine bipolar copper wire electrodes were
inserted to record electrical activity. The preparation is
shown schematically in figure 1. The geniohyoid muscle
electromyogram (EMG) wires were connected to an am-
plifier and integrator system (Neurolog system NL 900A,
Digitimer, Welwyn Garden, UK). The signal was band
pass filtered, rectified and amplified (Neurolog NL 104)
before being integrated (Neurolog NL 703). All signals were
digitized and recorded using a commercial data-acquisi-
tion system and stored for later analysis on a microcom-
puter.

Protocol

In all 17 animals, with the nose open and the vagus,
superior laryngeal and glossopharyngeal nerves intact,
variables were recorded continuously during the applica-
tion of warmed, humidified air. Trials were performed by
switching to cool, room-humidity air, which was applied
for 40 s before switching back to warm air. The vagus
nerves were cut at the mid-cervical level and the cool-
air trial was repeated in all 17 animals. Following this, in
eight of the 17 animals, the nose was sealed, the superior
laryngeal and glossopharyngeal nerves were cut and the
cool-air trial was repeated. In the remaining nine animals,
a solution of 2% xylocaine was applied to the entire UA
and the cool-air trial repeated after 10 min.

Data analysis

Values for respiratory variables, UA resistance and gen-
iohyoid muscle activity were averaged from 10 control
breaths before the application of cool air to the UA, from
10 breaths during the trial period when the effect of cool-
ing was greatest and from 10 breaths following removal of
the test gas. Data are expressed in absolute values or as
per cent change with respect to control±SD. Data were an-
alysed for statistical significance using analysis of vari-
ance (ANOVA) and Fisher's least significant difference test,
with p-values <0.05 being taken as significant.
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Fig. 1.  –  Diagram of the experimental technique used to measure
geniohyoid electromyographic (EMG) activity, ventilation and isolated
upper airway resistance.

Table 1.  –  Effect of cool air on ventilation and upper airway resistance

fR
breaths·min-1

VT
mL·100 g-1

V 'E
mL·min-1·100 g-1

tI
s

tE
s

UARN
cmH2O·L-1·s-1·kg-1

UATEMP
°C

Control
Cool air

42.8±14.0
32.8±11.1*

1.03±0.32
1.06±0.29

45.6±13.7
38.7±13.8*

0.53±0.25
0.55±0.23

1.11±0.56
1.36±0.57*

64.3±14.6
52.5±8.3*

36.1±1.4
26.7±1.8*

Values are presented as mean±SD. fR: respiratory frequency; VT: tidal volume; V 'E: minute ventilation; tI: inspiratory duration; tE: expir-
atory duration; UARN: upper airway resistance: UATEMP: upper airway temperature. Measurements were taken during application of
warm air (control) and cool air to the isolated upper airway in 17 animals with the nose open and all nerves intact. *: p<0.05, compared
with control (by analysis of variance).
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Results

Cooling of the UA had no effect on body temperature,
UA airflow or arterial blood pressure. With the nose open
and with the vagus, superior laryngeal and glossopharyn-
geal nerves intact, there was no phasic EMG activity in
the geniohyoid muscle. Values for respiratory variables
and for UA resistance before and during the application of
cool air to the UA are shown in table 1, and responses to
cooling are shown as per cent changes from baseline
warm-air values for UA resistance in figure 2a and for res-
piratory variables in figure 3a. These data show that cool-
ing produced a significant fall in UA resistance. Cooling
also significantly decreased minute ventilation. This was
due to a significant decrease in respiratory frequency where-
as tidal volume was unaffected. The effect on respiratory
frequency was due to a significant prolongation of expira-
tory time without any change in inspiratory time. A typi-
cal example of the effect of cooling on ventilation and UA
resistance is shown in figure 4. At the onset of UA cool-
ing, there was a rapid decrease in respiratory frequency
but no change in tidal volume. Initially, there was a slight,
short-lived increase in UA pressure, which was followed by
a sustained fall in pressure.

Fig. 2.  –  Effects of upper airway cooling on geniohyoid electromyo-
graphic activity (     ) and upper airway resistance (      ). a) Nose open and
vagus, superior laryngeal and glossopharyngeal nerves intact; b) nose
open and vagi cut; c) nose closed and vagus, superior laryngeal and
glossopharyngeal nerves cut; and d) nose open and topical anaesthesia
of the upper airway. Values are expressed as percentage change from
warm air control±SD. *: p<0.05, compared with control (by analysis of
variance).
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Fig. 3.  –  Effects of upper airway cooling on respiratory frequency
(      ), tidal volume (      ), ventilation (      ), inspiratory duration (      )
and expiratory duration (     ). a) Nose open and vagus, superior laryn-
geal and glossopharyngeal nerves intact; b) nose open and vagi cut; c)
nose closed and vagus, superior laryngeal and glossopharyngeal nerves
cut; and d) nose open and topical anaesthesia of the upper airway. Val-
ues are expressed as percentage change from warm air control±SD.
*: p<0.05, compared to control (by analysis of variance).



1260 A.K. CURRAN ET AL.

Bilateral section of the vagus nerves had no significant
effect on UA resistance but caused a significant fall in respir-
atory frequency (55.6±21.5% of intact) and a significant
increase in tidal volume (215.3±62.1% of intact). Phasic
inspiratory geniohyoid EMG activity became apparent in
12 out of 17 animals. Following vagotomy, cooling caus-
ed a significant decrease in UA resistance and a signifi-
cant increase in geniohyoid EMG activity (fig. 3b). Cool-
ing also caused a significant decrease in respiratory
frequency and a significant increase in tidal volume,
whereas minute ventilation, inspiratory time and expira-
tory time were un-affected (fig. 3b).

In eight out of the 17 vagotomized animals, the superior
laryngeal and glossopharyngeal nerves were then cut bi-
laterally and the nose was sealed. This caused a significant
increase in baseline UA resistance (246.3±82.1% of nose
open, vagi cut values, n=8) but had no effect on baseline
ventilatory variables or geniohyoid EMG activity. Follow-
ing these interventions, cooling still caused a significant
decrease in UA resistance (fig. 2c) but the effects on gen-
iohyoid EMG activity (fig. 2c) and on ventilation (fig. 3c)
were abolished.

In nine out of the 17 vagotomized animals, topical an-
aesthesia of the entire UA had no effect on baseline UA
resistance, geniohyoid EMG activity or ventilatory varia-
bles. Cooling still significantly reduced UA resistance
(fig. 2d) but the effects of cooling on geniohyoid EMG
activity and on ventilatory variables observed before air-
way anaesthesia were abolished (figs. 2d and 3d).

Discussion

The main findings of this study are that moderate cool-
ing of the UA reduces UA resistance and excites geniohy-
oid muscle activity in young guinea-pigs. With the vagi
intact, no phasic geniohyoid muscle activity could be det-
ected, but phasic inspiratory activity became apparent fol-
lowing vagotomy. This is consistent with the observation
that UA muscle activity is enhanced by vagotomy in adult
animals [22, 23] and suggests that the Hering-Breuer

inflation reflex may have a greater inhibitory effect on UA
muscle activity in young animals since geniohyoid activ-
ity was absent with intact vagi in the present experiments.
In this regard, it is known that the inspiratory-inhibiting
component of the Hering-Breuer reflex is more active in
newborns than in adults [24]. This reflex may also explain
why cooling in the present experiments had no effect on
tidal volume in vagi-intact animals but caused an increase
in tidal volume following vagotomy.

In the present experiments, UA resistance was unaffect-
ed by vagotomy, despite the increase in geniohyoid activ-
ity. This may be because any tendency for the resistance to
decrease as a result of geniohyoid contraction was coun-
teracted by the tendency for resistance to increase owing
to interruption of vagal efferents coursing through the re-
current laryngeal nerves to the laryngeal muscles [8].
However, the effects of such efferents on UA resistance
in young guinea-pigs are unknown. Cutting the recurrent
laryngeal nerves causes approximately a 30% increase in
laryngeal resistance in anaesthetized adult rats [8] but only
a slight increase in laryngeal resistance in anaesthetized
adult dogs [25].

The excitatory effect of UA cooling on geniohyoid mus-
cle activity is consistent with observations in adult rats,
where moderate cooling also increased geniohyoid mus-
cle activity [9]. However, UA cooling has been shown to
inhibit laryngeal muscle activity in adult cats [10], to have
no effect on posterior cricoarytenoid muscle activity but to
inhibit its response to UA occlusion in adult dogs [11], to
excite genioglossus muscle activity in humans [26] and to
either excite or inhibit hypoglossal nerve (the main motor
nerve supply to the UA muscles) activity in adult cats [7].
These inconsistent findings may be due to species differ-
ences, differences in anaesthesia and different methodolo-
gies, particularly the wide range of temperatures used.
Anaesthesia is known preferentially to depress UA muscle
activity [27]. However, the excitatory effect of cool air on
UA muscle activity observed in the present experiments
in anaesthetized young guinea-pigs and in our previous
study in anaesthetized adult rats [8] is consistent with the
excitation of UA muscle activity caused by UA cooling in

Fig. 4.  –  Simultaneous recordings of ventilation and upper airway (UA) airflow, pressure and temperature: a) before and during the onset of UA cool-
ing; b) during UA cooling; and c) after UA cooling with the nose open and the vagus, superior laryngeal and glossopharyngeal nerves intact.
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unanaesthetized humans [26] and decerebrate cats [7]. The
continuous expiratory airflow used in the present experi-
ments differs from the oscillatory flow normally occurring
in the UA. MORTOLA and REZZONICO [28] compared the effects
of continuous and oscillatory flow on ventilation in kittens
and found that the ventilatory inhibition observed with
continuous flow was not obtained with oscillatory flow.
However, these authors did not measure UA temperature,
and therefore the reason for the absence of a ventila-tory
response to oscillatory flow is unclear.

Topical anaesthesia of the UA or sealing the nose and
cutting the superior laryngeal and glossopharyngeal nerves
abolished the increase in geniohyoid activity caused by
cooling. These procedures were carried out to minimize
afferent activity from the larynx, pharynx and nose, and
suggest that the excitatory effect is a reflex from UA
receptors. These procedures also abolished the ventilatory
effects of UA cooling, and therefore the geniohyoid ac-
tivation may be secondary to the ventilatory effects ob-
served before sealing the nose and with the nerves intact.

The effects of UA cooling on UA resistance have not
been examined previously in young animals. At the onset
of UA cooling, there was usually a slight, short-lived in-
crease in UA pressure. The cause of this is unclear but it
may have been secondary to the inhibition of breathing
since it was not observed when ventilatory effects were
abolished. In this regard, it is worth noting that MORTOLA

and REZZONICO [28] found that high oscillatory flows caused
closure of the UA in kittens. Following this initial slight
increase in UA resistance, cooling caused a larger sus-
tained decrease in UA resistance, which was not abolished
by topical UA anaesthesia or the combination of nose seal-
ing and section of the superior laryngeal and glossopha-
ryngeal nerve. In adult cats, laryngeal cooling has been
shown to reduce laryngeal resistance, and this effect was
greater following superior laryngeal nerve section [10].
We have previously reported that UA cooling re-duces UA
resistance in adult rats and that this effect is largely not of
reflex origin [8]. Therefore, although cooling increases
UA dilator muscle activity, the fall in resistance appears to
be due mainly to some other effect. It is proposed that
cooling causes constriction of UA mucosal blood vessels,
leading to a thinning of the mucosa, an increase in luminal
cross-sectional area and a decrease in resistance. This is
supported by the recent report that cooling decreases tra-
cheal mucosal blood flow in humans [29]. The effect of
changes in UA mucosal blood flow on UA cross-sectional
area and resistance have been well described previously
[30–33]. Another possible mechanism could be drying and
shrinking of the mucosa due to the lower humidity of the
cool air.

It is possible that the greater temperature and humidity
of the warm compared with the cool air may have slightly
affected airflow in the UA so that the actual UA airflow
may have been slightly greater than the measured flow dur-
ing warm airflow. From Bernoulli's principle, this would
have resulted in a reduction in UA pressure so that switch-
ing to cool air would have caused an increase in UA pres-
sure. However, a decrease in UA pressure was observed,
and therefore the fall in UA resistance is unlikely to be an
artefact of switching from warm to cool air.

In summary, this investigation has demonstrated that
moderate upper airway cooling increases geniohyoid mus-
cle activity and reduces upper airway resistance in young

guinea-pigs. The geniohyoid excitation is abolished by the
elimination of upper airway receptor activity but the fall in
upper airway resistance is not abolished, and may be due
to a direct effect of cooling on upper airway mucosal blood
flow.
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