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Abstract. Heat loss from airway smooth muscle is a potent stimulus which causes substantial, 
but poorly understood, alterations in muscle tension. This study considered the involvement of 
endogenous mediators in cooling-induced tension changes in incubated guinea pig trachea. 
Smooth muscle tension was monitored in tracheal cylinders which were carefully cooled from 
37 to 30°C in the presence or absence of various inotropic mediators. In our study, cooling 
alone, at a rate of l”C/min, was associated with an average loss of smooth muscle tension of 
88.2 mg. Cooling tracheal tissue that had been previously exposed to 3 X M histamine, 
however, caused an additional increase in tracheal tension of 133 mg, over and above that 
caused by histamine alone. In the presence of M prostaglandin F Z a ,  or M thrombox- 
ane Bz, cooling was associated with respective losses of smooth muscle tension of 2 1 1.4 and 
21 1.2 mg, as compared to the tension associated with these mediators when they were used 
alone under control conditions. When the speed of tracheal cooling was increased to 40°C/min, 
there was a slight increase in tension for 20 sec followed by a pronounced and sustained 
relaxation. The mechanisms involved in the response of airway smooth muscle to cooling are 
complex. The results of our study, however, suggest that mediators may play a role in the 
cooling-induced alterations of airway smooth muscle tension. o 1988 Society for Experimental Biology 
and Medicine. 

An accelerated rate of heat loss from the 
respiratory tract during exercise is a stimulus 
for severe bronchoconstriction in susceptible 
humans and is responsible, in part, for a 
condition known as exercise-induced asthma 
(1). The mechanism by which localized cool- 
ing causes airway smooth muscle to contract 
is poorly understood. The pathways involved 
are essentially unknown but may involve 
vagal efferents or released mediators which 
may act directly or indirectly to induce the 
contractile event (2, 3). 

The general concept of mediator release, 
as related to exercise-induced asthma, is sup- 
ported by several observations. For example, 
airway cooling during exercise is a transient 
event, whereas airflow limitation is progres- 
sive and lasts much longer (4). Also, the 
symptoms of exercise-induced asthma are 
muted by pharmacological agents which in- 
hibit mediator release from mast cells lying 
superficially in the bronchial mucosa (1, 5). 
The depletion of these mediators is thought 
to be responsible for the “refractory” period 
which often follows an episode of exer- 
cise (6). 

The original aim of this study was to char- 
acterize the mechanisms involved in the pro- 

cess by which cooling causes an increase in 
airway smooth muscle tension. However, 
when using the isolated guinea pig trachea as 
a model to study this phenomenon, we dis- 
covered that cooling under control condi- 
tions was associated with a decrease in 
smooth muscle tension-not an increase as 
was expected. Only in the presence of hista- 
mine were we able to demonstrate a cooling- 
induced contractile event. This paper, there- 
fore, evaluates the influence of histamine 
and other endogenous mediators in cooling- 
induced changes of airway smooth muscle 
tension. Preliminary results of this study 
have been previously presented at national 
meetings (7- 10). 

Materials and Methods. Tissue prepara- 
tion. Male Hartley guinea pigs weighing 
350-500 g were killed by a sharp blow to the 
head. After midsternal thoracotomy, the tra- 
cheas were excised and immersed in 37°C 
oxygenated physiological medium contain- 
ing (&) NaC1, 118.4; KC1, 4.7; MgS04, 
1.2; KH2P04, 1.2; NaHC03, 8.9; CaC12, 2.5; 
and glucose, 5.6. After excess tissue was re- 
moved, the tracheas were divided into eight 
cylindrical segments, each 4 mm in length. 
After the segments were randomized to min- 

82 

0037-9727/88 $1.50 
Copyright 0 1988 by the Society for Experimental Biology and Medicine. 
All rights reserved. 



C001,ING AND MUSCLE CONTRACTILITY 83 

imize regional tracheal variability, they were 
mounted on opposing L-sha.ped 30-gauge 
needles with considerable care being taken to 
preserve the tracheal endotheljum (1 1). Each 
tracheal preparation was suspended in an in- 
dividual water-jacketed incub(ation chamber 
containing 20 ml of the physiological me- 
dium which was aerated continuously with a 
mixture of 0 2  and C02 at 37°C and a pH of 
7.35. One of the needles was anchored to the 
bottom of the bath, while the other was at- 
tached with 5 - 0  silk to a Statham VC3 
force-displacement transducer interfaced 
with a UL-5 microscale attachment. A pre- 
load stress was applied to the tracheal rings 
by moving the needles apart. Signals from 
the transducers were amplified and recorded 
on a physiological recorder (Beckman dyno- 
graph) as grams of force. The tissue was al- 
lowed to equilibrate for 90 min under a rest- 
ing tension of 2 g, a tension found to achieve 
the best tissue stability and responsiveness 
as determined by the method of Stephens 
et al. (12). 

Mediators. Following the 90-min equili- 
bration period, each ring segment was ex- 
posed, at 37"C, to one of a group of endoge- 
nous mediators known to change smooth 
muscle tension. These mediators included 
histamine, prostaglandin E2 (PGE2), prosta- 
glandin FZa (PGF2,), or thromboxane B2 
(TXB2). These mediators are not an all-in- 
clusive group of inotropic algents; they are 
those whose contractile characteristics have 
been reasonably well defined. Each agent was 
added to the incubating bath 15 min before 
the initiation of cooling in a concentration 
known to cause a maximal muscle response 
(previously determined in dose-response ex- 
periments). The concentration of each agent 
necessary to elicit a maximal response and 
the resulting tracheal tension are as follows: 3 
X 1 0-6 M histamine caused a gain of 182.6 
k 12.2 g/g wet wt, low5 A4 TXB2 caused a 
gain of 23.1 k 1.7 g/g wet wt, MPGF2, 
caused a gain of only 1.3 f 0.2 g/g wet wt, 
and 7 X M PGE2 caused a loss of 5.3 
k0.8 g/g wet wt. In some (experiments the 
H l-blocking agent diphenhydramine was 
added to the bath 15 min prior to histamine 
at a concentration of M, a level suffi- 
cient to negate the constrictive influence of 
the agonist. 

Smooth muscle reactivity to external stim- 
uli depends, in part, upon the tension sus- 
tained by it (12). Prior to the induction of 
cooling, therefore, the tracheal tension was 
readjusted to 2 g. This adjustment nullified 
the variations in smooth muscle tension in- 
duced by the various mediators. Tempera- 
ture, therefore, became the independent ex- 
perimental variable and smooth muscle ten- 
sion was the dependent variable. Without 
temperature change, the tension of the tra- 
cheal rings remained constant. After tension 
readjustment, the tracheal rings were nonre- 
sponsive to additional increments of media- 
tors. 

Cooling. The influence of cooling on ten- 
sion development was evaluated by carefully 
lowering the temperature of the incubation 
baths within which the tracheal cylinders 
were immersed. The cooling occurred in the 
7°C range between 37 and 30°C and was 
monitored with temperature probes (Yellow 
Springs, OH) immersed in the incubation 
baths. The signals from the temperature 
probes and the force-displacement trans- 
ducers were recorded simultaneously and 
could be accurately related to one another on 
the same time axis. The tracheal rings were 
cooled at two different rates, at 1 and at 
40"C/min. The slower rate of cooling was 
similar to that recorded by Deal et a/. (1 3) in 
the esophageal tissue adjacent to the trachea 
in human subjects breathing -173°C air. 
Lowering the temperature of the tissue baths 
at l"C/min was achieved by a gradual cool- 
ing of the fluid in the incubation chamber's 
water jacket using a Haake cooling pump. 
Cooling at 40"C/min, on the other hand, was 
accomplished by a bulk displacement of the 
incubation fluid with cooler fluid, so that the 
final bath temperature was 30°C. In the lat- 
ter situation, a bulk displacement of the in- 
cubation fluid without cooling did not, in 
itself, change the contractile tone. 

Controls. Controls were used in experi- 
ments in which tracheal rings were exposed 
to tissue mediators and to alterations in tem- 
perature. Mediator-induced changes in 
smooth muscle tension were related to ten- 
sion measurements made in tracheal rings 
incubated under the same conditions but 
without the mediators. Cooling-induced ten- 
sion changes in the presence of mediators 
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were compared to tension changes measured 
in control tracheal rings incubated under the 
same conditions but held at a constant 37°C. 
Stock solutions of prostaglandins and 
thromboxane were prepared in dimethyl 
sulfoxide. To negate the effects of DMSO on 
the tracheal tissue, equivalent amounts of 
this solvent were also added to control baths. 

pH.  The pH of the incubation baths was 
continuously monitored throughout the ex- 
perimental procedure. A servomechanism 
on the pH meter was designed to correct al- 
terations in solution pH. Any deviation from 
pH 7.3 5 activated an adjustable regulator 
valve on the C02 cylinder causing more or 
less C02 to enter the 02-C02 aerating gas 
mixture. In this manner, the usual tempera- 
ture-induced alterations in solution pH were 
avoided. At 37°C the aerating gas mixture 
was approximately 95% 0 2  and 5% COz. 
Cooling at 40°C per min, however, was ac- 
complished by a bulk displacement of the 
incubation fluid with cooler fluid whose tem- 
perature was 30°C and whose pH was al- 
ready adjusted to 7.35. 

Statistics. The results of all experiments 
were pooled and analyzed statistically with n 
referring to the number of animals used. 
Means and standard errors of the means 
(SEM) were determined. Rates of tension 
change, as related to degrees of cooling, were 
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FIG. 1. The influence of slow cooling on tension 
change in isolated guinea pig tracheal cylinders. The rate 
of cooling was 1 "C/min. The data are expressed as mil- 
ligrams of tension with temperature as the independent 
variable and have a correlation coefficient of 0.95. The 
points are mean values of 57 experiments with the stan- 
dard error of the means indicated. 
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FIG. 2. The influence of rapid cooling on tension 
change in isolated guinea pig tracheal cylinders. The rate 
of cooling was 40"C/min. The data are expressed as 
milligrams of tension with time as the independent vari- 
able. The points are mean values of 20 experiments with 
the standard error of the means indicated. 

calculated by a least-squares fit of the data. 
The correlation coefficient of this relation- 
ship was also calculated and is noted in the 
figure legends. 

Results. Control studies. Figure 1 shows 
the result of cooling the incubated tissue 
through the 7" temperature range of 37 to 
30°C at a rate of 1 "C/min. Under these con- 
ditions, cooling was associated with tracheal 
smooth muscle relaxation of 88.2 mg at an 
average rate of 12.6 mg per 1°C. Figure 2 
shows the tension change of tracheal seg- 
ments cooled through the same 7" tempera- 
ture range but at the rate of 40"Clmin. 
Rapid cooling was associated with a slight 
increase in tension for the first 20 sec, fol- 
lowed by a pronounced and sustained relax- 
ation. The entire tension change needed 2 to 
3 min to happen, a time much longer than 
the brief cooling perturbation. For this rea- 
son, the figure is plotted with time as the 
independent variable. Rewarming the tissue 
to 37°C caused tracheal tension to return to 
precooled levels. 

Histam ine-ant ihistam ine studies. In the 
presence of 3 X M histamine, cooling at 
1 "C/min caused a progressive increase in 
tracheal tension over and above that devel- 
oped in the presence of histamine alone. 
Under these conditions, cooling caused an 
increase in tension of 133 mg, developed at 
the rate of 19 mg per 1 "C (Fig. 3). When 
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FIG. 3. The influence of slow cooling on tension 
change in isolated guinea pig tracheal 'cylinders exposed 
to histamine k diphenhydramine. The rate of cooling 
was l"C/min. The data are expressed as milligrams of 
tension with temperature as the independent variable 
and have correlation coefficients of 0.95 for control 
conditions, 0.97 in the presence of histamine, and 0.70 
in the presence of histamine + diphenhydramine. The 
points are mean values of n experiments, each with the 
standard error of the means indicated. 

M diphenhydramine was added to the bath, 
however, cooling in the presence of hista- 
mine was associated with 65.8 mg of tracheal 
relaxation at an average rate of 9.4 mg per 
1 "C. This rate of relaxation w,as only slightly 
less than that observed under control condi- 
tions (Fig. 1). Cooling-induced alterations of 
tracheal contractility was also studied in the 
presence of lesser concentrations of hista- 
mine. The effect of cooling became more 
pronounced in the presence of greater hista- 
mine concentrations with coolling-associated 
"constrictions" occurring in the presence of 
histamine concentrations greater than 1 0-8 
M. Figure 3 displays the more pronounced 
data obtained using histamine concentra- 
tions of 3 x M. In all cases, rewarming 
to 37°C caused tension to return to pre- 
cooled levels. 

Prostaglandin studies. As inoted in Fig. 4, 
cooling tracheal rings at 1 "C/min in the pres- 
ence of 7 X M PGE2 was related to a 
slight, albeit nonstatistically significant, drop 
in tracheal tension over the entire 7" cooling 
range. Cooling, in the presence of either lo-' 
M PGF2, or 7 X M TXB2, was asso- 
ciated with a more pronounced "overall" 

loss of smooth muscle tension. For TXB2, 
however, the tension response was biphasic 
with contraction occurring from 37 to 34°C 
and relaxation occurring from 34 to 30°C. 
The absolute changes in tension noted over 
the entire temperature range studied are as 
follows: PGE2 was associated with a loss of 
1.3 mg/"C and PGF2, was associated with a 
loss of 30.2 mg/"C. For TXB2 there was a 
52.8 mg/"C loss of tension for the 4" temper- 
ature drop from 34 to 30°C. Rewarming to 
37°C caused tension to return to precooled 
levels. 

Discussion. The concept of exercise-in- 
duced asthma is based, in part, upon the 
finding that the airway cooling associated 
with exercise causes bronchoconstriction in 
susceptible people (1). The results of our 
study, however, show that such airway con- 
striction probably occurs only in the pres- 
ence of certain mediators, as for example, 
histamine. Without any added mediators, we 
found that cooling at a rate similar to that 
recorded in the esophageal tissue adjacent to 
the trachea in humans breathing - 17.8"C air 
(1 3), caused sustained smooth muscle relax- 
ation (Fig. 1). Such cooling-induced relax- 
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FIG. 4. The influence of slow cooling on tension 
change in isolated guinea pig tracheal cylinders exposed 
to various arachidonic acid metabolites. The rate of 
cooling was l"C/min. The data are expressed as milli- 
grams of tension with temperature as the independent 
variable and have correlation coefficients of 0.95 for 
control conditions, 0.84 in the presence of PGE2,0.97 in 
the presence of TXB2 (34 to 3O"C), and 0.98 in the 
presence of PGF2,. The points are mean values of n 
experiments, each with the standard error of the means 
indicated. 
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ation may be the result of an “absence” of 
constricting mediators or, on the other hand, 
of the “presence” of locally released relaxing 
mediators. The delayed contractile response 
which occurs after rapid cooling (Fig. 2) 
could also implicate mediator involvement 
in cooling-induced alterations of contrac- 
tility. 

Available evidence suggests that the ten- 
sion responses of airway smooth muscle to 
cooling may be mediator dependent (2-6). 
The identity of these endogenous factors, 
however, is not known with certainty. We 
found that tracheal smooth muscle con- 
tracted in response to cooling when exposed 
to histamine, but relaxed in the absence of 
histamine and when histamine was antago- 
nized by the HI blocker, diphenhydramine 
(Fig. 3). Such findings, if extrapolated to in 
vivo situations, might show a potential role 
for histamine in cooling-induced airway 
constriction. Indeed, several in vivo studies 
have noted small increases in plasma hista- 
mine levels after exercise ( 14, 15) and have 
found that airway sensitivity to histamine is 
increased after exercise ( 1 6). Antihistamines, 
delivered either as aerosols (1 7) or by intra- 
muscular injection (1 8), have been shown to 
be effective in the prevention of exercise-in- 
duced asthma. The role of histamine in exer- 
cise-induced asthma, however, is not univer- 
sally accepted. Park et al. (19) found that the 
early increase in tension, following cooling at 
a rate of about 4”C/min, was insensitive to 
diphenhydramine and concluded that hista- 
mine probably was not involved in exercise- 
induced asthma. These investigators, how- 
ever, performed their incubation studies 
without an exogenous source of histamine, 
in which case the absence of a response to 
diphenhydramine would only show that his- 
tamine was not present in the incubated tis- 
sue being studied. Caution must, of course, 
be exercised when extrapolating the hista- 
mine data of our study to in vivo situations. 
In our study, the tracheal smooth muscle are 
exposed to relatively high concentrations of 
histamine before cooling. In EIA, however, 
the sequence of events is probably reversed 
with cooling preceding the release of hista- 
mine. 

Souhrada et al. (20) have recently pre- 
sented information which shows that metab- 

olites of arachidonic acid may also be in- 
volved in cooling-induced smooth muscle 
tension changes. Using tracheal segments, 
these investigators found that aspirin poten- 
tiated the early, contractile aspect of a cool- 
ing-induced biphasic response. Park et al. 
( 19), however, did not observe a potentiating 
effect in the early contractile response when 
using indomethacin, Our studies appear to 
support those of Souhrada et al. (20), in that 
we found that arachidonic acid metabolites 
influenced the cooling-induced tracheal re- 
laxation response (Fig. 4). The effects of 
PGE2 and PGFZ,, like those of cooling under 
control conditions, are surprising and inter- 
esting. In in vivo situations, PGF2, has been 
reported to exhibit histamine-like effects, be- 
cause it causes bronchoconstrictions in asth- 
matics (2 1). Alternatively, PGE2, presum- 
ably by increasing CAMP, is thought to pro- 
mote airway smooth muscle relaxation (22). 
In the presence of cooling in our study, how- 
ever, PGE2 appears to block the cooling-in- 
duced relaxation noted in the absence of me- 
diators, while PGF2, appears to accelerate it 
(Fig. 4). PGF2,, in fact, appears to double the 
relaxation when compared to tension 
changes seen with cooling alone. In the pres- 
ence of PGF2,, slow cooling causes approxi- 
mately the same degree of relaxation as that 
noted with rapid cooling (Fig. 2). Further, in 
the presence of TXB2, the slow cooling-in- 
duced tension response was biphasic and re- 
sembled the tension changes noted for rapid 
cooling. 

The humidity of inspired air has been re- 
ported to be important in determining the 
degree of bronchoconstriction experienced 
by asthmatics in response to exercise (23). It 
is hypothesized that osmotic changes related 
to water loss, instead of heat loss, are the 
important stimuli for exercise-induced 
asthma. The results of our studies of isolated 
tracheal cylinders incubated in physiological 
solutions of constant tonicity (Figs. 1 and 2), 
show that cooling alone is enough stimulus 
to trigger smooth muscle tension changes in 
vitro. 

It has been reported that cooling causes 
airway smooth muscle to become more sen- 
sitive to various agonists. For example, 
Downing et al. (24) found the tracheal tissues 
of guinea pigs at 30°C to be more sensitive to 
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isoproterenol and histamine than those being 
incubated at 40°C. Wagner el al. (25) also 
reported a cooling-enhanced sensitivity in 
guinea pig tracheal rings to vasoactive cate- 
cholamines. Explanations of this poorly un- 
derstood concept of cooling-induced super- 
sensitivity include the conversion of @- to a- 
adrenergic receptors (26) and the partial 
inhibition of the sarcoplasmic calcium 
pump, resulting in increased cytoplasmic 
calcium levels (27). Whatever mechanisms 
may be involved, our study shows that they 
are reversible. Rewarming the tissue to 37°C 
causes the tension to return to precooled 
levels. 

Many, often conflicting hypotheses have 
been advanced to explain the pathways link- 
ing airway cooling to bronc hoconstriction. 
Some confusion undoubtedly stems from a 
lack of clear, definitive, in vivo data. For ex- 
ample, no study has yet been able to accu- 
rately make direct measurements of the rate, 
or the degree, of airway cooling encountered 
in situations leading to exercise-induced 
asthma, albeit, Deal et al. (1 3) recorded tem- 
peratures in esophageal tissue adjacent to the 
trachea in human subjects. The rate of cool- 
ing, as our data and those of others (19, 28, 
29) show, is an important factor to consider 
when studying the tension response of airway 
smooth muscle to cooling. The degree of air- 
way cooling undoubtedly varies, depending 
upon the site within the respiratory tract con- 
sidered. Our findings concerning the involve- 
ment of endogenous tissue mediators are, 
undoubtedly, far from complete. Besides 
histamine and the arachidonic acid metabo- 
lites considered in this study, other arachi- 
donic acid metabolites (via the cyclooxygen- 
ase or lipoxygenase pathways;) or neurotrans- 
mitters, etc., may also be involved. Based on 
our results, however, it seems clear that cool- 
ing-induced bronchoconstric tion is mediator 
dependent. 
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