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Abstract
Exposure to cold causes cutaneous vasoconstriction to reduce body heat loss, while the airway
warms up the inspired cold air, thus suggesting that cooling might evoke a response in tracheal
smooth muscle different from that in cutaneous blood vessels. The aim of this study was to evaluate
the effect of temperature on isolated rat trachea, with or without electric field stimulation (EFS).
Tissue bath for isolated trachea was used. An in vitro isometric contraction of trachea from healthy
male Sprague-Dawley rat (body weight: ≥ 200 g) was continuously recorded. Tension in strips of rat
trachea that were untreated and treated with EFS, was continuously recorded in stepwise manner at
temperatures varying from 37 °C to 7 °C or from 7 °C to 37 °C. Results indicated that descent and
re-ascent of temperature produced temperature-dependent tension changes. Basal tension of the
trachea decreased when temperature was reduced if EFS was not applied. EFS-induced spike
contraction decreased when temperature was reduced, while basal tension increased at the same
time. We concluded that low temperature induced rapid and reproducible contraction in isolated
rat tracheal strip only if EFS was applied. Increasing temperature reduced basal tension and
enhanced EFS-induced spike contraction of the trachea at the same time.
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Introduction
The trachea is a complex organ that plays a vital
role in airway protection and hygiene maintenance. It
contains cartilage, mucosa, nerves, vessels, and
muscles. Posterior parts of the trachea are filled with
smooth muscle fibers. Both trachea and tongue help
regulate body temperature [1]. Some tissues such as
skin, hair, and nasal mucosa also play an important
role in body temperature regulation [2]. It was
demonstrated that rapid cooling of ovine tracheal and
bronchiolar smooth muscles induced contractile
responses, which were inversely proportional to
temperature and not epithelium-dependent [3].
However, the mechanism of cold-induced tracheal

constriction with electric field stimulation (EFS) has
not been well explored. During EFS, which was
thought to involve nerve activity, the response of
tracheal smooth muscle to low temperature might be
different. The present study aimed to determine the
direct effect of cooling on isolated rat tracheal smooth
muscle and analyze the role of EFS in the mechanisms
involved. When temperature changes, both trachea
and airway patency are affected. This study
established an isolated trachea model and evaluated
the effect of low temperature on isolated rat trachea
strip. The influences of temperature on basal tension
and EFS-induced spike contraction of trachea were
http://www.medsci.org
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Materials and Methods
Tissue preparation
All chemical reagents were obtained from Sigma
(St. Louis, MO, USA). Twenty-four healthy male
Sprague-Dawley rats (body weight: ≥ 200 g) were
humanely killed by CO2 gas asphyxiating, and two
pieces of trachea (~5 mm in length) were removed
from each rat. This study was approved by an animal
experiment review board (LAC-2017-0036). The
tracheal specimen was mounted using two steel plates
and submersed in a 30-ml muscle bath at 37 °C as
previously reported [4, 5]. Briefly, the bath was filled
with 30 ml Krebs solution consisting of (mmol/L)
KCl, 4.7; NaCl, 118; MgSO4·7H2O, 1.2; CaCl2, 2.5;
KH2PO4, 1.2; NaHCO3, 25.0; and glucose, 11.0. The
upper side of the tracheal strip was attached to a
Grass FT-03
force displacement transducer
(AstroMed, West Warwick, RI, USA) using a steel
plate and a 3-0 silk ligature. The lower side of the strip
was fixed to a steel plate attached to the bath. A
passive tension of 0.3 g was applied to the strips and
subsequent changes in tension were continuously
recorded using DigiLog for windows V5.10.7 software
analysis (Singa Technology, Taiwan). Preliminary
tests showed that the tracheal strip immersed in the
bath solution used for subsequent experiments did
not contract when basal tension was applied. Before
temperature assays were conducted, isolated tracheas
were equilibrated in the bath solution for 15-30 min at
37 °C, during which continuous aeration with a
mixture of 95% O2 and 5% CO2 was applied.
Tissue temperature control was performed using
a thermo-controlled water pump (Firstek Scientific,
Taipei, Taiwan) that circulates water through
water-jacketed glass chambers. The rapid decrease or
increase in temperature was achieved through
addition of an adequate amount of ice or 74 °C water
into the water reservoir. Approximately 2-3 minutes
were required to reach each temperature. Then every
cooling period was maintained until peak response of
the sample leveled off, after which the temperature
was changed to the next level. A thermometer placed
within the water bath confirmed the actual
temperature of the preparation at any given time. In
addition, the effect of stepwise temperature changes
(37 ºC, 25 ºC, 15 ºC and 7 ºC) was also evaluated. In
each experiment, one untreated strip served as a
control.

Decellularization method
The extracellular matrix (ECM) of isolated
trachea was made according to a method described
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earlier [6]. The specimen was placed in a detergent
solution (sodium dodecyl sulfate, SDS, 0.1%) in a 37
oC shaking water bath for 15 hours to remove the
cellular components. The isolated trachea was then
washed with agitation 5 times in phosphate-buffered
saline for periods of 10 minutes each and then used
for isometric tension study.

Electrical field stimulation
EFS (5 Hz, 5 ms pulse duration, at a voltage of 50
V, trains of stimulation for 5 seconds) was applied to
the trachea strip with two wire electrodes placed
parallel to the trachea strip and connected to a
direct-current stimulator (Grass S44, Quincy, MA,
USA). An interval of 2 minutes was imposed between
each stimulation period to allow for recovery from the
response. Stimulation was continuously applied to the
trachea strip at 37 °C. Then, bath temperature was
decreased to 7 °C. Once the basal tension of the
trachea strip stabilized at 7 °C, bath temperature was
increased to 37 °C.

Statistical analysis
Results were expressed as mean ± SEM.
Student’s t-test was used for statistical evaluation. The
difference was considered significant at P < 0.05.

Results
The amount of relaxation or contraction of
tracheal strips was easily estimated from the tension
applied to the transducer. With or without
decellularization, decrease in temperature (from 37 °C
to 7 °C) reduced basal tension in the tracheal strip;
while increase in temperature (from 7 °C to 37 °C)
elevated the tension (Figs. 1, 2). For tracheal strips
without decellularization, basal tension was 0.33 ±
0.11 g (n = 6) at 37 °C and 0.18 ± 0.04 g (n = 6) at 7 °C
(Figs. 1, 2), indicating significant reduction in basal
tracheal tension when temperature dropped from 37
°C to 7 °C (P < 0.01). The effect of stepwise
temperature changes (25 ºC, 15 ºC and 7 ºC) on basal
tension in tracheal strips without EFS showed 57.8% ±
4.3%, 42.5% ± 4.9% and 27.5% ± 5.6% of contraction
respectively as compared with that at 37 ºC calculated
as 100% (Fig. 3). The spike contraction induced by EFS
was decreased when bath temperature was reduced
(Figs. 1, 4). Tension peaks of the trachea evoked by
EFS were 0.28 ± 0.01 g at 37 °C (n = 6) and 0.08 ± 0.01 g
(n = 6) at 7 °C (Figs. 1, 3). The EFS-evoked tension
peaks of the trachea was 100% and 35% ± 12.8% of the
control values at 37 °C and 7 °C, respectively (Fig. 4),
revealing statistically significant difference in peak
tension among the specimens treated with EFS at 37
°C and 7 °C. The tension peaks of the trachea evoked
by EFS at 37 °C were significantly higher than that at 7
http://www.medsci.org
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regulator. When the body
temperature was increased,
vasodilatation was observed to
increase blood flow to the
tongue [2]. This study observed
that
when
the
ambient
temperature was lower than
body temperature, basal tension
of the trachea without EFS was
decreased, implying that the
content of muscle of the trachea
may be relaxed. Relaxed human
airways under cooling had been
proved by an in vitro study [7].
The present result concurred
with such finding. The reason
for this phenomenon is still
unclear and needs additional
studies for clarification. It has
been reported that decrease in
bath temperature from 37 to 20
°C (cooling) had no effect on
basal tone [8]. However,
isolated tracheas of sheep, dogs,
and rats developed an enhanced
Figure 1. Original recording of basal tension of trachea strips at different temperatures with or without EFS.
contractile response when the
(Upper) Decrease in temperature enhanced basal tension and reduced EFS-induced spikes contraction of tracheal
strip. (Middle) Without EFS, temperature decrease lessened basal tension. An initial spike under changing
temperature of the isolated
temperature was also noted. (Bottom) Decellularized strip showed a reaction to temperature changes similar to
organ is lowered from 37 to
that of tracheal strip without EFS treatment. EFS (electrical field stimulation).
18-20°C
[9-11].
Enhanced
low-temperaturedependent contractile response
°C (P < 0.01). During EFS test, basal tension also
is observed only after a low-frequency stimulation
increased when temperature was changed from 37 °C
range (0.1-20 Hz), that is very close to the frequency of
to 7 °C. The basal-tracheal tension was 0.31 ± 0.02 g (n
vagal
stimuli
required
for
inducing
= 6) at 37 °C and 0.40 ± 0.07 g (n = 6) at 7 °C (Figs. 1, 2),
bronchoconstriction in vivo [11]. The discrepancy
indicating significant increase when temperature was
might be due to different species or methodologies
changed from 37 °C to 7 °C (P < 0.01). Decellularized
used. In our previous study, cooling (to 30-10°C)
tracheal strips showed no response to EFS. Descent or
decreased the basal tension of turbinate mucosa [2],
re-ascent of temperature inducing a single initial spike
which might be attributed to structural factor of the
reaction of tracheal strip was also noted.
turbinate mucosa rather than vascular response.
Structural factor of the tracheal smooth muscle
Discussion
response to low temperature was quite similar to that
The contractile response observed in this study
of turbinate mucosa in this study. Structural factor
was probably an aggregate of the responses of various
response could be proved by the decellularized
types of tracheal smooth muscle. It was not easy to
trachea showing the same reaction. Further studies
obtain human tissue for similar studies. The effect of
are needed to elucidate these discrepancies.
temperature on isolated human trachea still needs
EFS-induced spike contraction of the tracheal
further investigation. In vitro single muscle fiber study
strip was thought to originate from parasympathetic
of the tracheal strip is not yet possible at the present
innervation stimulation. Pre-treatment with 3 x 10-5M
time. This research was an in vitro study; hence, there
atropine in EFS test for cold temperature changes
were reservations as to its comparability with an in
showed total inhibition of spike contraction and
vivo situation in humans. In the in vivo situation, the
increase in basal tension (data not shown). It was
response might be much more complicated than that
compatible with previous findings that the effects of
in the in vitro situation.
electrical stimulation could be obliterated by atropine
In dogs, the tongue serves as an essential heat
[12, 13]. Therefore, reduction in EFS-induced spike
http://www.medsci.org
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contraction of the tracheal strip under decrease in
temperature suggests reduction in parasympathetic
functions with decreasing temperature. Menthol, a
cold receptor agonist, inhibiting parasympathetic
function of tracheal smooth muscle was identified in
our previous report [5]. If basal tracheal tension with
EFS was enhanced under temperature decrease, the
airway patency could be decreased as well. Exposure
of asthma patients to low temperature is linked to the
onset and worsening of asthma [14]. The current
result concurred with such finding. The initial spike
contraction induced by cold Krebs solution could be
explained by the common physical property as
thermal contraction. This could be proved by similar
reactions obtained by the same experiment applied to
decellularized tracheal strip. Acute exposure to cold
temperature can affect the respiratory system of those
exposed to extreme weather and induces asthma in
asthmatic patients [15]. However, cooling relaxed
human airways in vitro and reduced responsiveness to
methacholine and histamine [7]. These experimental
findings contrary to the present results may explain,
at least in part, the discrepant reports between cooling
of tracheal mucosa and asthma attack. The acute
increase in tension by decreasing the temperature
could involve stimulation of the parasympathetic
innervation and the late decrease in tension could be
related to an inhibition of kinases, such as myosin
light-chain kinase, protein kinase C or Rho kinase
involved in the smooth muscle contraction [16, 17].
Phenomena observed in this study are of interest and
merit further study for clarification.
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Figure 3. The basal tension of tracheal strips without EFS decreased
significantly between 37 °C, 25 °C, 15 °C and 7 °C. The basal tension of strips at
25 ºC, 15 ºC and 7 ºC are 57.8% ± 4.3%, 42.5% ± 4.9% and 27.5% ± 5.6% of
contraction respectively as compared with that at 37 ºC calculated as 100%. EFS
(electrical field stimulation). Results were mean ± SD (n = 6).

Figure 4. EFS-induced spike contraction of tracheal strips at different
temperatures. The EFS-evoked tension peaks of the trachea was 100% and
35.0% ± 12.8% of the control values at 37°C and 7°C, respectively; indicating
significant decrease in spike tension of tracheal strips between 7°C and 37°C.
EFS (electrical field stimulation). Results were mean ± SD (n = 6).
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