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Abstract. Cooling of isolated guinea pig tracheal smooth muscle from 38 to 28°C over 2.25
min produced a transient contraction followed by sustained relaxation. The cooling-induced
contraction was blocked either by pretreatment with ouabain at concentrations of 1075 M or
greater or by substitution of normal physiological salt solution with K-free solution. In contrast,
the contractile response to cooling was not inhibited by pretreatment with phentolamine (107
M), atropine (1073 M), tetrodotoxin (3 X 1077 M), diphenhydramine (1073 M), cromolyn
sodium (107 M), indomethacin (3 X 1077 M), nifedipine (10”7 M), or verapamil (3 X 107
M). Addition of NaHCO; to the bath during cooling, preventing a change in pH of the
physiological salt solution, did not affect the cooling-induced contraction. It is concluded that
cooling of isolated guinea pig trachea produces a transient ouabain-sensitive contraction, and
that the data suggest the contraction is mediated by inhibition of Na-K-ATPase in the smooth
muscle rather than through neuronal stimulation or chemical mediator release. © 1984 Society

for Experimental Biology and Medicine.

Many asthmatic patients experience exac-
erbation of asthmatic symptoms following
exposure to allergens or following exercise,
especially in cold air. The effects of exposure
to allergens on pulmonary mechanics are
well known and are relatively easy to control.
However, the mechanism of the exercise-
induced bronchoconstriction is poorly un-
derstood. Among the proposed mechanisms
are hypocapnia (1, 2), stimulation of airway
receptors that trigger a vagal reflex (3, 4),
lactic acidosis from exercising muscles (5),
stimulation of pharyngeal receptors (6), re-
lease of stored chemical mediators (3, 7, 8),
and imbalance of «- and B-adrenoceptor
activity (9, 10). Recent studies have suggested
that heat loss from the airway and low water
content of inspired air (11-16) may be critical
in the production of bronchoconstriction
during exercise. However, the mechanisms
by which cooling produces bronchoconstric-
tion are not known. The present study was
undertaken to elucidate responses of isolated
guinea pig tracheal smooth muscle to cooling
and to investigate effects of various blocking
agents on the responses. A preliminary re-
sult of this study has been presented else-
where (17).

! This work was supported in part by a grant from the
John Nuhn Research Foundation, Austin, Tex.

Materials and Methods. Albino guinea
pigs of either sex (Hartley strain, 600-1000
g) were sacrificed by exsanguination from
common carotid arteries, The trachea was
rapidly removed and immersed in a preoxy-
genated normal physiological salt solution
with the following composition in millimoles:
Na(l, 115.3; KCl, 4.7; NaHCO3, 23.0; CaCl,,
1.8; MgSO,, 1.2; Nay(EDTA), 0.03; KH,PO,,
1.2; and glucose, 7.9. Surrounding connective
tissue was removed from the trachea. Tra-
cheal smooth muscle was isolated from the
posterior trachea by longitudinal cuts includ-
ing 1-2 mm of tracheal cartilage on each
side. The smooth muscle was then cut into
strips 1.5 mm wide along the direction of the
tracheal rings by the use of specially arranged
razor blades to ensure equal width of all
strips. Using small stainless-steel clamps, one
end of the tissue was fixed to a holder and
the other end was connected to a force-
displacement transducer (Grass FT 03C,
Grass Instrument Co., Quincy, Mass.). The
tissue was vertically suspended in a 10-ml
isolated tissue bath (Metro Scientific, Far-
mingdale, N.Y.) containing the physiological
salt solution. The solution was initially main-
tained at 38°C and aerated with a gas mixture
of 95% O, and 5% CO,. Changes in isometric
force were recorded with a Beckman Type R
Dynograph (Beckman Instruments, Schiller
Park, Ill.). The strips were placed at an
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isometric resting force of 1.0 g. This resting
force gave the greatest contraction in response
to 40 mAM KCI among strips tested at 0.25,
0.5, 1.0, 1.5, and 2.0 g. Before measurements
were taken, the tissue was allowed to equili-
brate for 100-120 min, and the physiological
salt solution was replaced with a fresh solution
every 15-20 min. The resting force was read-
justed to approximately 1 g after each solution
change and before each cooling experiment.

Following the equilibration period, the tra-
cheal preparations were contracted with 40
mAM KCI to allow expression of subsequent
changes in isometric force as a percentage of
the initial KCl contractions. Following wash-
out of the KCl and an appropriate recovery
period, tissue baths were cooled from 38°C
to 28°C in 2.25 = 0.18 min (N = 18) by a
circulator (Lauda Thermostat K-21R, Lauda,
West Germany). During cooling, the temper-
ature of the nutrient solution was monitored
with a thermometer which was placed in a
bath without tissue within a series of tissue-
containing baths.

The pH of the solution at 38 and 28°C
was 7.36 = 0.01 and 7.30 + 0.01, respectively
(N = 4, Radiometer PHM 82, Copenhagen,
Denmark). To clarify whether the observed
responses with cooling were due to these pH
changes alone, the following three experi-
ments were undertaken: (a) 10 ul 1 N HCl
was added to the 10-ml bath at 38°C to
determine the effect of lowering pH on iso-
metric tension. The fall in pH was 0.23,
0.16, and 0.07 at 1, 2, and 5 min, respectively,
after bolus addition of the HCI. (b) Sufficient
NaHCO; (3.5 mAM) was infused simulta-
neously with cooling to maintain a near
constant pH (7.36), and (c) 3.5 mA NaHCO;
was added to the bath maintained at 28°C
to raise the pH of the solution to the pre-
cooling level.

Five periods of repeated cooling to 28°C
from 38°C were carried out on the tracheal
strips to see whether tracheal responses de-
veloped tachyphylaxis to repeated cooling.
To find whether the rate of cooling was an
important factor, tracheal strips from four
guinea pigs were slowly cooled at an average
rate of —0.36°C/min (over 27.50 % 0.29 min),
and the responses to the cooling compared
with those to cooling at a faster rate of
—4.44°C/min (over 2.25 min) in the same
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preparation. The magnitude of relaxation
was expressed as the percentage of the relax-
ation produced by papaverine 107* M added
to the bath (18).

After the response to the more rapid cool-
ing (over 2.25 min) was observed, blocking
agents were added to the bath and left in the
bathing solution for 20-40 min. We tested
individual strips with only one blocking agent.
Specific agents were examined and their con-
centrations are listed in Tables I through IIIL.
A second cooling was then carried out in the
same manner as the first. At the end of each
experiment, the contractile response to 40
mM KCl at 38°C was reexamined to deter-
mine the effect of the blocking agent on this
contraction. A separate tracheal strip from
each animal was used as a time control for
each experiment to account for any time-
related changes. In all experiments involving
blocking agents, cooling was begun only after
adjusting the resting force of the tracheal
strip to 1.0 g. Studies with nifedipine were
carried out with the tissue bath shielded from
light. Cooling-induced changes in isometric
force were also examined in K-free solution.
The K-free solution was prepared by replacing
KH,PO, with equimolar NaH,PO,, and by
deleting KCl from the physiological salt so-
lution. Tissues were left in contact with the
K-free solution for 40-60 min before a second
cooling was carried out.

Results shown in the text, tables, and
figures are expressed as mean values + SEM.
The data obtained were analyzed for statistical
significance by the two-tailed Student 7 test
with statistical significance accepted at the
5% level.

Drugs used in this study with their sources
are as follows: atropine sulfate (Sigma Chem-
ical Co., St. Louis, Mo.), phentolamine me-
sylate (Ciba Pharmaceutical Co., Summit,
N.J.), cromolyn sodium (Fisions Corp., Bed-
ford, Mass.), diphenhydramine HCI (Sigma),
indomethacin (Sigma), nifedipine (Pfizer
Pharmaceuticals, N.Y.), papaverine HCI
(Sigma), verapamil HCl (Knoll Pharmaceu-
ticals, Whippaney, N.J.), tetrodotoxin
(Sigma), ouabain octahydrate (Sigma), and
propranolol HCI (Sigma).

Results. Cooling of the bath solution from
38°C to 28°C over 2.25 min resulted in a
transient contraction followed by a sustained
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relaxation of the guinea pig tracheal smooth
muscle. The time course and magnitude of
contraction and relaxation are shown in Fig.
1. When the bath temperature was subse-
quently kept at 28°C, the contraction was
followed by a relaxation to a tension below
that seen at 38°C. The maximum cooling-
induced contraction was 8.6 = 1.3% of 40
mM KCl-induced contraction (N = 7), and
the maximum relaxation was 34.5 + 6.2% of
the relaxation produced by 107* M papaver-
ine (N = 7). When the bath was rewarmed
to 38°C, resting force returned to baseline in
most tissues.

When the tissues were cooled more slowly
(over 27.5 min), the response was still a
transient contraction followed by relaxation.
The slower cooling, however, produced a
significantly (P < 0.02) smaller maximum
contraction than did the faster cooling (Fig.
2). Repeated cooling at the faster rate did
not show significant changes in the magnitude
of the contraction. When the contraction
with the first cooling was taken as 100%,
responses to the second, third, fourth, and
fifth cooling periods were 100 = 3%, 117 =
8%, 125 = 13%, and 96 + 11%, respectively
(N = 3).

O—— Control (7)
®-—--NaHCO3 (7)

<100

Force 0

(mg)

-200
Temp. 38°C N\N___ 26°C
NaHCO; 23mMNY___ 265mM
0 10 20 0

Time (min)

F1G. 1. Contractile and relaxing responses of guinea
pig trachea to cooling from 38 to 28°C over 2.25 min
(indicated by shaded area on time line). In test strips
(closed circles), NaHCO; (3.5 mM) was continuously
infused to the bath during 2 min immediately after the
start of cooling. There is no significant difference between
control and test groups (P > 0.05).
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FiG. 2. Maximum contractile responses to different
rates of cooling. Tracheas (N = 4) were cooled from 38
to 28°C at an average rate of —4.44°C/min or at
—0.36°C/min. The faster cooling produced a significantly
greater maximum contraction than the slow cooling
(P < 0.02).

As shown in Table I, ouabain in concen-
trations of 107> M or greater blocked the
cooling-induced contraction in a dose-depen-
dent manner, while time controls did not
show significant changes in contraction. Oua-
bain did not affect 40 mM KCl-induced
contractions. Substitution of the physiological
salt solution with K-free solution abolished
the cooling-induced contraction; 1.5 + 1.5%
(N = 6) of the first cooling-induced contrac-
tion. The substitution with K-free solution
or addition of ouabain (10~ M) produced
transient contractions of the tracheal smooth
muscle; 300 = 80 mg (N = 6) or 341 = 97
mg (N = 9), respectively.

Pretreatment with phentolamine (107> M),
atropine (10~° M), diphenhydramine (107°
M), indomethacin (3 X 107 M), cromolyn
sodium (1073 M), or tetrodotoxin (3 X 1077
M) did not affect the contraction induced by
cooling (Table II). Neither nifedipine (1077
M) nor verapamil (3 X 107¢ M) blocked the
cooling-induced contraction (Table II). How-
ever, the KCl-induced contraction was mark-
edly reduced by nifedipine or verapamil to
10.6 + 6.8% (N = 5) and 39.7 £ 8.8% (N
= 5), respectively, of the initial KCl-induced
contraction.
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TABLE 1. EFFECTS OF OUABAIN TREATMENT ON
COOLING-INDUCED CONTRACTION

COOLING-INDUCED CONTRACTION OF TRACHEA

TABLE III. EFFECTS OF BLOCKING AGENTS ON
COOLING-INDUCED RELAXATION

Pre- Post- Pre- Post-
N treatment® treatment® N treatment® treatment®
Control 6 192+ 19 20.6 £ 3.6 Control 6 127 £ 3.5 7.8 +3.8
Ouabain (107* M) S 23.8 £ 6.9 0.2 £ 0.2° Cromolyn Na
Ouabain (1073 M) 5 103 +£5.2 6.4 +48
(3 X 107° M) 5 18.1 £ 3.2 1.0 + 0.7¢  Propranolol (107 M) 5 172 + 2.4 12.6 £ 3.6
Ouabain (1075 M) 6 180 £ 3.2 4.3 + 1.0°  Tetrodotoxin
Ouabain (10°¢ M) 4 209 + 5.2 22.1 2.6 (3 X 1077 M) 5 16.3 £ 39 122 £35
Ouabain (107* M) 5 28.0 + 4.1 5.7 +4.7°
Note. Values are expressed as percentages of the initial ~ Ouabain (107° M) 6 229 +47 270 £ 80

contraction by 40 mAM KCl.

¢ Contraction before the addition of ouabain.

® Contraction after the addition of ouabain.

¢ Significantly different from pretreatment values (P
< 0.01).

4 Significantly different from the pretreatment values
(P < 0.001).

Bolus addition of 10 ul of 1 N HCI to the
bath at 38°C resulted in a pure relaxation;
the maximum relaxation was 290 + 10 mg
(N = 3) at 3 min after the start of cooling.
With the continuous infusion of 3.5 mM
NaHCO; into the tissue bath during the
cooling process, the response of the tissue to
cooling was still an initial contraction fol-
lowed by relaxation. The maximum contrac-
tion was 10.6 £ 1.7% of 40 mAf KCl-induced
contraction, which was not significantly dif-
ferent from that obtained with cooling alone
(N =7) (Fig. 1). The maximum cooling-in-

TABLE II. EFFECTS OF VARIOUS BLOCKING AGENTS
ON COOLING-INDUCED CONTRACTION

Pre- Post-
N treatment® treatment®
Control 6 127 £ 1.9 119 + 2.1
Phentolamine (10~° M) 5 11.7+24 13.0 +2.8
Atropine (107° M) 5 11.6 + 2.5 11.9 + 2.6
Diphenhydramine
(107 M) 5 15325 14.0 + 2.1
Indomethacin
(B X 1077 M) 6 11414 114+ 1.9
Cromolyn Na (1073 M) 5 9116 9.7+23
Tetrodotoxin
(3 X107 M) 5 80+05 9.1 £0.7
Nifedipine (1077 M) 5 128 £ 2.5 11.6 £ 34
Verapamil (3 X 107¢ M) 5 12.7 £ 3.1 73+ 14

Note. Values are expressed as percentages of the initial contraction
by 40 mM KClL.

% Contraction before the addition of blocking agents.

® Contraction after pretreatment with blocking agents.

Note. Values are expressed as percentages of the initial contraction
by 40 mM KCl.

@ Relaxation before the addition of blocking agents.

b Relaxation after pretreatment with blocking agents.

< Significantly different from the pretreatment values (P < 0.01).

duced relaxation was 33.4 + 7.1% of 107 M/
papaverine-induced relaxation, again not sig-
nificantly different from the relaxation pro-
duced by cooling without a bicarbonate in-
fusion into the bath (N = 7) (Fig. 1). Bolus
addition of 3.5 mM NaHCO; to the bath at
28°C, returning the pH to 7.36, produced
neither contraction nor relaxation (N = 7).

Cooling-induced relaxation was not inhib-
ited by pretreatment with cromolyn sodium,
propranolol, or tetrodotoxin (Table III).
Ouabain at a concentration of 10™° M, which
significantly inhibited the cooling-induced
contraction, did not inhibit the subsequent
cooling-induced relaxation. Ouabain at a
higher concentration (10™* M) inhibited the
cooling-induced relaxation (Table III). How-
ever, the same concentration of ouabain (10™*
M) markedly reduced the relaxation of the
tracheal smooth muscle in response to 10~*
M papaverine as well; papaverine-induced
relaxations in the absence and presence of
ouabain were 540 = 62 mg and 102 £ 12
mg (N = 6), respectively.

Discussion. Cooling of isolated guinea pig
tracheal smooth muscle from 38 to 28°C
over 2.25 min results in a biphasic response:
a transient contraction followed by a pro-
longed relaxation. Ouabain, a potent inhibitor
of Na-K-ATPase, in concentrations of 107>
M or greater blocked the cooling-induced
contraction in a dose-dependent manner.
Moreover, a K-free solution, known to inhibit
Na-K-ATPase (19), also abolished the con-
traction. These findings strongly suggest in-
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volvement of membrane Na-K-ATPase in
the cooling-induced contraction. In addition,
the fact that addition of ouabain or use of
K-free solution produced a transient contrac-
tion suggests that Na-pump inhibition results
in a contraction in guinea pig trachea. It may
be that when Na-K-ATPase is fully inhibited
by ouabain or by other procedures, cooling
produces no further inhibition of the enzyme,
and therefore, no contraction. This hypothesis
is supported by electrophysiologic evidence
in which ouabain (107> M) at 37°C produced
a significant depolarization of the resting
membrane potential of tracheal smooth mus-
cle, but at 21°C failed to further lower the
membrane potential which was reduced by
the lower temperature itself (20). The con-
centration of ouabain required to inhibit the
cooling-induced contraction in this study
(1073 M) is higher than 107® M ouabain
which blocks relaxant response to a small
amount of K addition in rabbit arterial
smooth muscle (21). Thus, the possibility
that the inhibition of cooling-induced con-
traction by ouabain seen in this study may
be unrelated to inhibition of Na-K-ATPase
is not ruled out.

Suppression of the Na pump increases
intracellular Na concentration. It is not en-
tirely clear how such changes in Na concen-
tration result in increased intracellular Ca
which causes contraction; it may be either
by a decrease in Ca efflux (22) or by increased
Ca influx (23, 24). For the cooling-induced
contraction of guinea pig stomach, taenia
coli, and urinary bladder, translocation of
intracellular Ca has been proposed (25, 26).
In the present study, calcium entry blockers
(nifedipine and verapamil) blocked the KCI-
induced contraction but not the cooling-
induced contraction (Table II). It seems likely
that the cooling-induced contraction does
not depend on a membrane potential-depen-
dent influx of calcium (27). However, the
mechanism for the cooling-induced contrac-
tion remains unresolved as cooling may alter
the contractile machinery or biochemical
process involved in the contraction of smooth
muscle.

While cooling lowers the pH of the phys-
iological salt solution, the change in pH does
not explain our observation because: (a) re-
duction of pH of the batk at 38°C produces
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a pure relaxation of the tracheal smooth
muscle; (b) maintenance of pH constant dur-
ing cooling did not significantly alter either
the contraction or relaxation responses to
cooling; and (c) restoration of pH after the
relaxation phase at 28°C by addition of
NaHCO; did not cause a contraction. It is
therefore highly unlikely that the temperature-
induced change in pH can account for either
the contraction or relaxation responses to
cooling.

Release of chemical mediators or neural
activation implicated in in vivo bronchocon-
striction also does not appear to be involved
in the cooling-induced contraction observed
here. The failure of atropine, diphenhydra-
mine, phentolamine, or tetrodotoxin to at-
tenuate cooling-induced contraction mitigates
against the involvement of acetylcholine, his-
tamine, a-adrenergic receptors, or action po-
tential generated release of neurotransmitters.
The conclusion that mediator release is not
involved is further supported by the lack of
attenuation in the contractile response fol-
lowing repeated cooling experiments and by
failure of cromolyn sodium to inhibit cooling-
induced contraction. In the present study,
indomethacin at a concentration of 3 X 1077
M, sufficient to inhibit prostaglandin synthesis
in other smooth muscle (28, 29), did not
modify the cooling-induced contraction.
However, indomethacin at a higher concen-
tration of 3 X 107® M inhibited the cooling-
induced contraction in a preliminary study
(92.2 + 7.8% of inhibition, N = 5). This find-
ing may suggest participation of prostaglandin
biosynthesis in the cooling-induced responses.
Such a suggestion has been made by Souhrada
et al. (30) based on the potentiating effect of
aspirin (50 pg/ml = 2.8 X 107* M) on the
contractile response. However, the reason for
opposite direction of effects of the prostaglan-
din synthesis inhibitors is unclear. The pos-
sibility that the inhibitory effect of indometh-
acin is not directly related to cyclooxygenase,
e.g., Na—K-ATPase inhibition (31) and non-
selective inhibitory action on smooth muscle
(32), cannot be ruled out. Thus, further study
is required to determine the involvement of
prostaglandin synthesis in the cooling-induced
responses.

Our findings of a contraction followed by
relaxation are discordant with the observation
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of Chaudhary et al. (33) that cooling induced
only relaxation. The major difference between
these two studies appears to be the rate of
cooling. They cooled the tissue at a rate of
—0.3°C/min while our rapid cooling was at
a rate of —4.44°C/min which is similar to
the rate reported in cooling-induced bron-
choconstriction in humans (15). When we
cooled tracheal smooth muscle strips at
—0.36°/min, we still observed a contraction,
but one which was significantly less than that
seen with the more rapid cooling.

The tracheal smooth muscle exhibited a
rather striking relaxation following the initial
contraction with cooling of the bath. Al-
though it was not the primary purpose of
this study to elucidate the mechanism of this
relaxation, a few comments can be made.
The relaxation does not appear to be caused
by a cooling-induced fall in pH of the solution
as discussed earlier. The relaxation was not
blocked by propranolol, eliminating a role
for B-adrenergic receptors. In contrast to the
cooling-induced contraction, the relaxation
process appears to be unrelated to alterations
in the Na-pump activity based on the follow-
ing observations: (a) There was a differential
effect of ouabain on the contraction and
relaxation processes; ouabain (107> M) sig-
nificantly blocked the contraction but not
the relaxation (Tables I and III). (b) Although
pretreatment with ouabain (10™* M) resulted
in a significant reduction in the cooling-
induced relaxation process, it also blocked
papaverine-induced relaxation, suggesting that
ouabain at this concentration exerts a non-
specific influence on the relaxation process.

In conclusion, we have demonstrated that
isolated guinea pig tracheal smooth muscle
initially contracts and then relaxes in response
to cooling. The lowering of pH of the solution
associated with cooling does not appear 1o
cause or modify the contraction-relaxation
response of the tracheal smooth muscle. The
contraction was not blocked by many of the
drugs commonly used to treat exercise-in-
duced asthma, but was blocked by procedures
which inhibit Na-K-ATPase activity. We
conclude that Na-K-ATPase inhibition in
the smooth muscle is involved in the mech-
anism for the cooling-induced contraction.

The authors thank Dr. John M. Johnson for his
constructive suggestions and assistance in the preparation

COOLING-INDUCED CONTRACTION OF TRACHEA

of this manuscript, Mr. Fred Wise for his technical
assistance, and Mrs. Linda Barragan for her secretarial
assistance. In addition, we are grateful for the generous
contribution by Ciba Pharmaceutical Company, Summit,
New Jersey, for phentolamine mesylate, Fisons Corpo-
ration Pharmaceutical Division, Bedford, Massachusetts,
for cromolyn sodium, to Knoll Pharmaceuticals, Whip-
pany, New Jersey, for verapamil, and to Pfizer Pharma-
ceuticals, New York, for nifedipine.

1. Ferguson A, Addington WW, Gaensler EA. Dyspnea
and bronchospasm from inappropriate postexercise
hyperventilation. Ann Intern Med 71:1063-1072,
1969.

2. Fisher HK, Holton P, Buxton RStJ, Nadel JA.
Resistance to breathing during exercise-induced
asthma attacks. Amer Rev Resp Dis 101:855-896,
1970.

3. Simonsson BG, Skoogh BE, Ekstrom-Jodal B. Ex-
ercise-induced airway constriction. Thorax 27:169-
180, 1972.

4. Simonsson BG, Jacobs FM, Nadel JA. Role of
autonomic nervous system and the cough reflex in
the increased responsiveness of airways in patients
with obstructive airway disease. J Clin Invest
46:1812-1818, 1967.

5. Vassallo CL, Gee JBL, Domm BM. Exercise-induced
asthma: Observations regarding hypocapnia and aci-
dosis. Amer Rev Resp Dis 105:42-49, 1972,

6. McNally JF Jr, Enright P, Hirsch JE, Souhrada JF.
The attenuation of exercise-induced bronchocon-
striction by oropharyngeal anesthesia. Amer Rev
Resp Dis 119:247-252, 1979.

7. Breslin FJ, McFadden ER Jr, Ingram RH Jr. The
effect of cromolyn sodium on the airway response
to hyperpnea and cold air in asthma. Amer Rev
Resp Dis 122:11-16, 1980.

8. Edmunds AT, Tooley M, Godfrey S. The refractory
period after exercise-induced asthma: Its duration
and relation to the severity of exercise. Amer Rev
Resp Dis 117:247-254, 1978.

9. Bianco S, Griffin JP, Kamburoff PL, Prime FJ.
Prevention of exercise-induced asthma by indoramin.
Brit Med J 4:18-20, 1974.

10. Patel KR, Kerr JW, MacDonald EB, MacKenzie
AM. The effect of thymoxamine and cromolyn
sodium on postexercise bronchoconstriction in
asthma. J Allergy Clin Immunol 57:285-292, 1976.

11. McFadden ER Jr, Ingram RH Jr. Exercise-induced
airway obstruction. Annu Rev Physiol 45:453-463,
1983.

12. Chen WY, Horton DJ. Heat and water loss from
the airways and exercise-induced asthma. Respiration
34:305-313, 1977.

13. Deal EC Jr, McFadden ER Jr, Ingram RH Jr, Jaeger
JJ. Hyperpnea and heat flux: Initial reaction sequence
in exercise-induced asthma. J Appl Physiol: Respir
Environ Exercise Physiol 46:476-483, 1979.



14.

15.

18.

19.

20.

21.

22.

23.

24,

COOLING-INDUCED CONTRACTION OF TRACHEA

Deal EC Jr, McFadden ER Jr, Ingram RH Jr,
Strauss RH, Jaeger JJ. Role of respiratory heat
exchange in production of exercise-induced asthma.
J Appl Physiol: Respir Environ Exercise Physiol
46:467-475, 1979.

McFadden ER Jr, Denison DM, Waller JF, Assoufi
B, Peacock A, Sopwith T. Direct recordings of the
temperatures in the tracheobronchial tree in normal
man. J Clin Invest 69:700-705, 1982.

. Bar-Or O, Neuman I, Dotan R. Effects of dry and

humid climate on exercise-induced asthma in chil-
dren and preadolescents. J Allergy Clin Immunol
60:163-168, 1977.

. Park MK, Hayashi S, Wise FM, Robotham JL.

Mechanism of cooling-induced contraction of isolated
tracheal smooth muscle. Fed Proc 41:1356, 1982
(Abstr).

Hayashi S, Toda N. Age-related alterations in the
response of rabbit tracheal smooth muscle to agents.
J Pharmacol Exp Ther 214:675-681, 1980.
Flemming WW. The electrogenic Na*, K*-pump in
smooth muscle: Physiologic and pharmacologic sig-
nificance. Annu Rev Pharmacol Toxicol 20:129-
149, 1980.

Souhrada M, Souhrada JF, Cherniack RM. Evidence
of a sodium electrogenic pump in airway smooth
muscle. J Appl Physiol: Respir Environ Exercise
Physiol 51:346-352, 1981.

Toda N, Hayashi S. Age-dependent alteration in the
response of isolated rabbit basilar arteries to vaso-
active agents. J Pharmacol Exp Ther 211:716-721,
1979.

Van Breemen C, Aaronson P, Loutzenhiser R. So-
dium-calcium interactions in mammalian smooth
muscle. Pharmacol Rev 30:167-203, 1979.

Reuter H, Blaustein MP, Hauesler G. Na-Ca ex-
change and tension development in arterial smooth
muscle. Philos Trans R Soc London 265:87-94,
1973.

Langer GA. Relationship between myocardial con-

25.

26.

27.

28.

29.

30.

3L

32

33.

289

tractility and the effects of digitalis on ionic exchange.
Fed Proc 36:2231-2234, 1977.

Kurihara S, Kuriyama H, Magaribuchi T. Effects of
rapid cooling on the electrical properties of the
smooth muscle of the guinea pig urinary bladder. J
Physiol (London) 238:413-426, 1974.

Magaribuchi T, Ito Y, Kuriyama H. Effects of rapid
cooling on the mechanical and electrical activities
of the smooth muscle of the guinea pig stomach and
taenia coli. J Gen Physiol 61:323-341, 1973.
Coburn RF. The airway smooth muscle cell. Fed
Proc 36:2692-2697, 1977.

Toda N, Miyazaki M, Hayashi S, Yamamoto M.
Modification by dipyridamole of the angiotensin-
induced relaxation in isolated dog renal arteries.
Japan J Pharmacol 31:117, 1981 (Abstr).

Toda N, Miyazaki M. Angiotensin-induced relaxation
in isolated dog renal and cerebral arteries. Amer J
Physiol 240:H247-H254, 1981.

Souhrada FJ, Presley D, Souhrada M. Mechanisms
of the temperature effect on airway smooth muscle.
Resp Physiol 53:225-237, 1983.

Takahashi H, Terao N, Hayakawa M, Takiguchi H.
Mode of inhibition of activity of Na*-K*-stimulated
adenosine triphosphate by indomethacin. Gen Phar-
macol 13:375-379, 1982.

Aboulafia J, Mendes GB, Miyamoto ME, Paiva
ACM, Paiva TB. Effect of indomethacin and pros-
taglandin on the smooth muscle contracting activity
of angiotensin and other agonists. Brit J Pharmacol
58:223-228, 1976.

Chaudhary BA, Kolbeck RC, Speir WA Jr. Thermal
changes in tracheal smooth muscle tone: Is increased
reactivity mediator-dependent? Amer Rev Resp Dis
123(Suppl):80, 1981 (Abstr).

Received December 8, 1983. P.S.E.B.M. 1984, Vol. 177.
Accepted June 25, 1984.



