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Hypocapnia-induced contraction of porcine airway smooth muscle
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Hypocapnia increases human [1–4] and canine [5–10]
airway resistance in vivo. In the canine lung periphery, this
response is not altered by atropine but is reduced by nife-
dipine and verapamil [6, 7], and enhanced by BAY K8644
[11], suggesting that decreases in carbon dioxide tension
(PCO2) may cause airway smooth muscle contraction by a
mechanism that involves voltage-dependent calcium chan-
nels in some airway cell types. However, the cell type(s)
responsible for this response and details of the cellular
pathway are not known.

Entry of extracellular calcium is important for airway
smooth muscle contraction [12]. Airway smooth muscle
cells contain L-type voltage-dependent calcium channels
and current through these channels is increased by intra-
cellular alkalosis [13]. However, it is not clear whether or
not pH effects on Ca2+ channels in isolated myocytes are
important in hypocapnia-induced airway constriction in
vivo or in vitro. If pH modulation of voltage-dependent
calcium channels in airway smooth muscle cells is impor-
tant in hypocapnia-induced airway constriction, then 1)
isolated airway smooth muscle should contract in vitro in
response to decreases in PCO2; 2) the contraction should
be accompanied by increases in intracellular pH (pHi) and
increases in intracellular free Ca2+ concentration ([Ca2+]i);
and 3) the contraction should be inhibited by L-type cal-
cium-channel antagonists, but should be unaffected by in-
hibition of the cyclo-oxygenase and leukotriene pathways
(which might be activated by the effects of hypocapnia on
the airway epithelium). To test these predictions, the ef-
fects of decreases in PCO2 were measured on resting ten-
sion, pHi and [Ca2+]i in porcine airway smooth muscle and
pharmacological modulation of in vitro hypocapnic ten-
sion responses was attempted.

Methods

Tissue preparation

Yorkshire-Hampshire pigs (25–35 kg) were sedated with
ketamine hydrochloride (30 mg·kg-1, i.m.), anaesthetized
with sodium pentobarbital (20 mg·kg-1, i.v.) and exsangui-
nated. The lungs and trachea were removed and immersed
in Krebs–Henseleit solution containing (in mM): NaCl 118,
KCl 4.7, CaCl2 2.5, MgSO4 0.6, KH2PO4 1.2, NaHCO3
20.9 and dextrose 11.1. Intraparenchymal bronchi, at least
two branches distal to the carina, were dissected and sli-
ced into rings 3–4 mm in diameter and 3–4 mm wide.
Because a preliminary study had not demonstrated signifi-
cant effects of epithelial removal on responses to changes
in CO2 concentration [14], the epithelium was left intact.
Tracheal smooth muscle strips were prepared by opening
the trachea with a longitudinal ventral incision, removing
the epithelium with forceps and cutting strips circumfer-
entially (~2 mm wide for tissue bath studies and ~6 mm
wide for fluorescence measurements of pHi and [Ca2+]i).
The strips used for fluorescence measurements were care-
fully dissected free of connective tissue using a binocular
microscope.

Bronchial rings and narrow tracheal strips were moun-
ted in 10 mL glass organ chambers containing Krebs–
Henseleit solution bubbled initially with 95% O2/5% CO2
(pH 7.4, 37°C). The rings were connected to an isometric
force transducer and suspended under 10 mN or 30 mN
resting tension for rings and strips, respectively, the opti-
mal tensions in these tissues [15, 16]. The tissues were
allowed to stabilize for approximately 1 h and were then
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ABSTRACT: Hypocapnia constricts peripheral airways in vivo. This study investi-
gated the role of airway smooth muscle in this phenomenon and the mechanism of
hypocapnia-induced contraction in vitro.

Isometric tension, intracellular pH (pHi) and intracellular free calcium concentra-
tion ([Ca2+]i) were measured in porcine airway smooth muscles suspended in organ
baths in the presence of 5% or 0% CO2.

In tracheal strips precontracted with carbachol, hypocapnic challenge (0% CO2)
produced increases in tension, pHi, and [Ca2+]i. In bronchial rings or tracheal strips
precontracted with carbachol, nifedipine administered between consecutive contrac-
tions attenuated responses to hypocapnia (75±11% above carbachol-precontracted
tension before nifedipine versus 39±9% after nifedipine, n=7 bronchial rings, p<0.05).
Neither indomethacin (5 µM), nordihydroguaiaretic acid (10 µM) nor phenidone (10
µM) significantly altered responses.

These data suggest that enhanced Ca2+ influx through voltage-dependent Ca2+ chan-
nels of airway smooth muscle cells is important in airway responses to hypocapnia.
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contracted twice with carbamylcholine chloride (carba-
chol; 1 µM or 0.1 µM for rings or strips, respectively, cor-
responding to ~50% effective does (ED50) for cholinergic
agonists in these tissues [17, 18]). Between the contrac-
tions, carbachol was washed from the chamber with fresh
Krebs–Henseleit solution and the tension readjusted.

Tissue bath protocols

After equilibration, tissues were contracted to a stable
plateau with carbachol (1 µM for rings and 0.1 µM for tra-
cheal strips) in 95% O2/5% CO2. A hypocapnic contrac-
tion was elicited by changing the gas bubbling through
the chamber to 100% O2. When tension reached a plateau,
the gas was returned to 95% O2/5% CO2. The chambers
were washed with fresh Krebs–Henseleit solution and
allowed to equilibrate for an additional 30 min. A second
carbachol contraction and hypocapnic challenge was then
performed. In some experiments, hypocapnic challenges
were made by changing the gas mixture from 5% CO2 in
air to air without added CO2.

Pharmacological studies were performed with bronchial
rings or tracheal strips. A first hypocapnic contraction was
elicited as described above and, after the tissues were was-
hed, either nothing, the Ca2+ channel blocker nifedipine  (3
µM for bronchial rings and 0.1 µM for tracheal strips) or
its vehicle control (ethanol 0.02% final concentration), the
cyclo-oxygenase inhibitor indomethacin (5 µM) or one of
the leukotriene inhibitors nordihydroguaiaretic acid
(NDGA, 10 µM) or phenidone (10 µM) was added to the
chamber for 30 min. A second carbachol contraction and
hypocapnic challenge was then performed. Fourteen rings
and seven strips from 11 animals did not receive pharma-
cological treatment between 11 consecutive hypocapnic
challenges. Thirteen rings and six strips from 10 animals
were treated with nifedipine, seven rings from seven ani-
mals received ethanol, five strips from three animals re-
ceived isoproterenol and six rings from six animals were
treated with each of the other agents.

Fluorescence measurements of intracellular ions

These experiments were performed using wide tracheal
strips in a water-jacketed 40-mL acrylic bath designed to
allow illumination of approximately a 5 mm circular area
of the tissue and measurement of epifluorescence from
the same area. Baseline tension was adjusted to ~25 mN,
a value determined in preliminary experiments to be opti-
mal for active force generation. The more extensive re-
moval of connective tissue in this preparation probably
accounts for the fact that the optimal baseline tension for
these wide strips was no greater than that for the narrow
strips described above. Tension and fluorescence intensi-
ties were recorded by a microcomputer which controlled
the mechanical selection of filters in the incident light
path. Emitted light passed through a fibreoptic cable to a
separate filter and a photomultiplier tube. The Krebs–
Henseleit solution in the bath was maintained at 37±0.5°C
and vigorously bubbled with either 95% O2/5% CO2 (con-
trol) or 100% O2 (hypocapnia). Bath pH was monitored
continuously using a combination electrode, the daily cali-
bration at room temperature of which was adjusted to

37°C by applying the theoretical slope correction and de-
fining the intercept with a single-point calibration at the
higher temperature [19].

Tissues were loaded with 2',7'-bis(2-carboxyethyl)-5
(6)-carboxyfluorescein (BCECF) for measurement of pHi
as previously described in detail [19]. In brief, the tissues
were incubated with the acetoxymethyl ester of BCECF
(BCECF-AM) for 45–75 min at 20–25°C and then was-
hed and rewarmed to 37°C. Fluorescence intensities were
recorded at 540 nm during alternating illuminations with
an excitation wavelength of 440 nm or 500 nm. Back-
ground fluorescence at each wavelength was measured in
the same tissue prior to dye loading and subtracted from
the respective measurements before calculation of the flu-
orescence ratio F500/F440. The linear relationship between
this quantity and pHi was determined in each tissue after
the experimental protocol by membrane permeabilization
with nigericin (2×10-5 M) and exposure to several high K+

(140 mM) solutions of varying pH [19, 20].
Measurements of [Ca2+]i were performed in a similar

way in separate tissues loaded with fura-2 [21]. Details
of this procedure have been described elsewhere [18]. In
brief, tissues were loaded with fura-2 by incubation for 5 h
at room temperature with a 20 µM solution of the acet-
oxymethyl ester form of the dye (fura-2-AM), dispersed
with 0.02% Cremophore EL in physiological salt solution.
Background fluorescence was measured in a separate,
adjacent strip from the same trachea incubated similarly
but without fura-2-AM. Fluorescence at 510 nm was meas-
ured during alternating excitation at 340 nm or 380 nm,
the respective background measurements were subtracted
and the ratio F340/F380 was calculated at 20 s intervals as
an index of [Ca2+]i.

After the experimental protocol, ionomycin (10–5 M)
was added to equilibrate intracellular with extracellular
Ca2+ and fluorescence measurements were made in the
presence of low and high Ca2+ by: 1) replacing the bath
solution with a Ca2+-free calibrating solution (1 mM ethy-
lene glycol-bis (β-aminoethyl ether)-N,N-tetraacetic acid
(EGTA), and 2) adding 5 mM Ca2+. [Ca2+]i was then calcu-
lated at each time point of the protocol using the equation
of GRYNKIEWICZ et al. [21] and a fura-2-Ca2+ dissociation con-
stant of 386 nM [22].

Drugs

Carbachol, NDGA, phenidone and isoproterenol were
dissolved in Krebs–Henseleit solution. BCECF-AM was
purchased from Sigma (St Louis, MO, USA) and fura-2-
AM from Texas Fluorescence Labs (Austin, TX, USA).
Stock solutions of nifedipine (10-2 M) and indomethacin
(10-2 M) were dissolved in 70% ethanol and diluted with
Krebs–Henseleit solution. Concentrations described in the
text refer to final organ bath concentrations.

Statistical analysis

Responses to carbachol and responses to hypocapnia
within bronchial rings were compared using analysis of
variance (ANOVA) for repeated measures and Duncan's
multiple range test. A p-value ð0.05 was used to indicate
statistical significance. Data are expressed as mean±SEM.
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Results

In three preliminary experiments with bronchial rings
not precontracted with carbachol, the gas supplied to the
organ chambers was changed from 95% O2/5% CO2 to
100% O2. No changes in tension were recorded in these
rings (data not shown). In all subsequent experiments, the
tissues were first contracted with carbachol. Hypocapnic
challenges (5% CO2/95% O2 to 100% O2) of bronchial
rings contracted with 1 µM carbachol or tracheal strips con-
tracted with 0.1 µM carbachol resulted in reproducible
and reversible increases in tension in both tissues (fig. 1).
To confirm that these contractions were not dependent on
hyperoxic conditions, similar studies were performed using
5% CO2 in air (~20% O2) and air (~21% O2). Qualitatively
similar responses were observed.

Repeated challenges of bronchial rings with hypocap-
nia in air were reproducible (fig. 2). Neither the carba-
chol-induced tension immediately before hypocapnia-
induced contraction nor the increase in tension during
hypocapnia were significantly different for the first or sec-
ond exposures (n=8, p=0.23). Responses to hypocapnia,
expressed either as the absolute change in tension during
hypocapnia (3.8± 0.7 versus 4.0±0.7 mN, respectively) or
as the per cent increase above carbachol-induced tension
(87±14% versus 87±9%, respectively) were similar during
the first and second challenges (fig. 2).

In normocapnic solution (external pH (pHe)=7.39±
0.05), tracheal strips had pHi=7.23±0.04 (n=4). Carbachol
(0.1 µM) increased tension without altering pHi or pHe
(fig. 3). A transient decrease in PHi has been reported at
a higher carbachol concentration but not at the ~ED50
concentration used in this study [19]. During hypocapnia
(100% O2), tension, pHi and pHe increased approximately
in parallel and were restored to baseline after the return to
the control gas.

Baseline [Ca2+]i in other tracheal strips was 260±50 nM
(n=5). Carbachol produced simultaneous increases in ten-
sion and [Ca2+]i in the presence of 95% O2/5% CO2 (fig. 4).
Switching to 0% CO2 resulted in further increases in both
tension and [Ca2+]i, which reversed after returning to gas
containing 5% CO2. The time courses of changes in ten-
sion and [Ca2+]i during hypocapnia were similar. However,

possible dissociation of these effects on a faster time scale
could have been missed in this study. Similar in-creases in
tension and [Ca2+]i were observed in tracheal smooth mus-
cle strips precontracted with KCl rather than with carba-
chol (fig. 5).

Pharmacological studies employed repeated hypocap-
nic challenges with addition of a single drug between the
first and second challenges. Indomethacin, phenidone,
and NDGA did not significantly alter either carbachol-
induced tone or changes in tension during hypocapnia in
bronchial rings (table 1). Carbachol-induced tension
before hypocapnia in the presence of nifedipine (3 µM)
was not significantly different from that in the absence of
nifedipine in bronchial rings (fig. 2). However, responses
to hypo-capnia, measured either as the change in tension
(2.1±0.6 versus 5.1±1.1 mN, respectively) or as the per
cent incre-ase in active tension (39±9% versus 75±11%,
respectively), were significantly smaller (n=7, p<0.01) in
the presence than in the absence of nifedipine. Ethanol,
the vehicle for nifedipine and indomethacin, did not sig-
nificantly affect responses (n=7, p=0.92). Carbachol-
induced tension (5.8± 1.5 mN pre-ethanol versus 6.1±1.7
mN post-ethanol, NS) and responses to hypocapnia
(3.2±0.6 mN pre-ethanol versus 3.2±0.8 mN post-ethanol,
NS) were similar.

Nifedipine had similar effects on responses to hypocap-
nia in tracheal strips (fig. 6) as in bronchial rings (fig. 2).
Consecutive challenges with hypocapnia in the absence
of nifedipine resulted in reproducible contractile respon-
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Fig. 1.  –  Typical traces showing the effects of carbachol and hypocap-
nia (100% O2) in porcine a) bronchial rings and b) tracheal smooth
muscle strips.
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ses in this tissue (fig. 6). Nifedipine (0.1 µM), added to
the tissue baths between the first and second challenges,
markedly attenuated responses to hypocapnia (7.7±1.0
mN versus 1.8±0.9 mN before and after nifedipine, n=3,
p<0.05). In tracheal strips, nifedipine also attenuated car-
bachol-induced tension by 48±11% (n=3, p<0.05). To
eliminate the possibility that reduced carbachol-induced
tension caused the attenuation of responses to hypocap-
nia in the presence of nifedipine, isoproterenol was used
to decrease the carbachol-induced tension in separate tis-
sues. Neither carbachol-induced tension (43.6±4.3 mN
ver-sus 45.2±5.5 mN, n=3, NS) nor responses to hypocap-
nia (7.3±0.6 mN versus 7.7±1.2 mN, NS) differed signifi-
cantly between the first and second challenges in the
absence of isoproterenol (fig. 7). Isoproterenol, added to
the tissue bath between the first and second challenges,
significantly attenuated carbachol-induced tension by
24±3% (n=3, p< 0.05), but did not diminish responses to
hypocapnia (fig. 7).

Discussion

Low CO2 concentrations increase the airway resistance
of humans [1–4] and other animals [5–10] in vivo. Hypo-
capnia might act through neural reflexes, by increasing
blood vessel calibre, provoking mediator release or dir-
ectly contracting airway smooth muscle. The in vitro ex-
periments of this study demonstrated hypocapnia-induced
contraction in isolated porcine bronchial rings and trach-
eal smooth muscle strips precontracted with either carba-
chol or KCl. Indomethacin, phenidone, and NDGA did
not alter the hypocapnia-induced contraction (table 1), in-

dicating that paracrine effects mediated through cyclo-
oxygenase products or leukotrienes are not important in
the in vitro responses. The role of histamine in this res-
ponse was not tested because histamine does not cause a
sustained contraction in this tissue. These data suggest
that hypocapnia has a direct contractile effect on airway
smooth muscle cells.

The effects of CO2 on airway muscle itself can explain
reported effects of hypocapnia on the lung peripheral air-
ways in vivo. For example, in canine peripheral airways
that lack significant vagal innervation, hypocapnia pro-
duced a marked bronchoconstriction which was not atte-
nuated by atropine [6]. Furthermore, hypocapnia induced
by pulmonary arterial occlusion in dogs increased whole
lung resistance and decreased compliance, but vagotomy
attenuated only the increase in resistance [5]. Because
compliance measurements primarily reflect characteristics
of the peripheral airways, these findings indicate that hy-
pocapnia-induced constriction of peripheral airways does
not involve vagal reflexes. However, hypocapnic responses
of central airways appear to involve an additional contri-
bution of cholinergic reflexes [3, 5]. Although the present
study involved large airways, the qualitatively similar hy-
pocapnic responses that were observed in smooth muscle
preparations from tracheae and bronchi and the consisten-
cy between results from the present study and those from
previous in vivo studies of canine peripheral airways argue
against large regional variations in the cellular mechan-
isms involved.

Responses to hypocapnia showed significant variability
between individual tissues, between trachea (figs. 1, 3–7)
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and bronchus (figs. 1, 2), and between conditions of 100%
O2 (fig. 1) and 21% O2 (fig. 2, table 1). Proportional in-
creases in tension tended to be greater in tracheal strips
than in bronchial rings, and in tracheal strips used for
fluorometric experiments than in tracheal strips used in
tissue bath experiments, probably because of differences
in tissue dissection and the amount of connective tissue
present. Proportional increases in tension also tended to
be greater under conditions of 21% O2, perhaps because
carbachol-induced tension tended to be lower in this situ-
ation. Because of these sources of variability, differences
between control and test tissues from the same animals
were only evaluated under comparable conditions.

To investigate the cellular mechanisms involved in air-
way smooth muscle responses to hypocapnia, pHi and
[Ca2+]i were measured in tracheal smooth muscle strips
using the fluorescent dyes BCECF and fura-2, respec-
tively. Changing from 5% to 0% CO2 produced a 0.7 unit
alkaline shift in bath pH, a parallel 0.4 unit increase in pHi
(fig. 3), and a consistent increase in [Ca2+]i (fig. 4). Similar
changes in pHi have been seen in vascular smooth muscle
[23]. Because the increment in [Ca2+]i had a time course

similar to those of tension, pHe, and pHi (figs 5, 6) and was
comparable in magnitude to that induced by 10–7 M carba-
chol, it is likely that a pH-dependent increase in [Ca2+]i is
primarily responsible for the increase in active tension
during hypocapnia. Similar increases in [Ca2+]i were seen
in KCl-contracted smooth muscle strips (fig. 5), indicating
that the effect of hypocapnia is not simple potentiation of
a cholinergic stimulus. The data do not support a promin-
ent role for sensitization of the contractile apparatus to
calcium by changes in pH, consistent with findings in rat
vascular smooth muscle [24] and in guinea-pig taenia coli
[24]. Tracheal smooth muscle appears to differ in this
regard from porcine coronary artery, in which increases in
pHi caused enhanced contractile sensitivity to [Ca2+]i [25].
Calcium sensitivity was decreased with increased pHi in
the rat portal vein and human umbilical artery [26].

Several mechanisms could contribute to hypocapnia-in-
duced increases in [Ca2+]i of airway smooth muscle cells,
including release from intracellular stores of calcium and
enhanced entry of calcium due to membrane depolariza-
tion or to direct effects on voltage-dependent or receptor-
operated calcium channels. Since L-type channels may
play a role in Ca2+ influx in airway smooth muscle during
agonist stimulation [27, 28], the involvement of these chan-
nels in hypocapnia-induced contraction was tested using
the Ca2+ channel antagonist nifedipine at concentrations (3
µM or 0.1 µM) sufficient to relax KCl-contracted bron-
chial rings or tracheal strips [27]. Nifedipine markedly
reduced responses to hypocapnia (figs 2, 6). These data
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Table 1.  –  Responses to hypocapnia in bronchial rings
before and after pharmacological intervention

Tension  mN*

Before After p-value n

Indomethacin  (5 µM)
Phenidone  (10 µM)
NDGA  (10 µM)

3.7±0.5
4.2±0.6
4.1±0.3

4.5±0.7
4.3±0.5
4.4±0.5

0.07
0.81
0.66

6
6
6

*: active tension above carbachol-induced baseline tension.
Data are expressed as means±SEM. NDGA: nordihydroguaiare-
tic acid.

50

0

10

20

30

40

0

10

20

30

40

Te
ns

io
n 

 m
N

b)

a)

Te
ns

io
n 

 m
N

1st
challenge

2nd
challenge

*
*

Pre-nifedipine Post-nifedipine
Fig. 6.  –  Contractile responses to hypocapnia (100% O2) in porcine
tracheal strips showing a) reproducibility of consecutive responses in
the same strip (n=3) and b) inhibition by 0.1 µM nifedipine (n=3). *:
p<0.05 compared with pre-nifedipine contractile response.       : base-
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indicate the involvement of L-type Ca2+ channels in the
hypocapnic response and parallel in vivo results that im-
plicate Ca2+ entry through voltage-dependent Ca2+ chan-
nels in hypocapnia-induced airway constriction [6, 7].

In tracheal strips, but not in bronchial rings, nifedipine
also attenuated carbachol-induced tension. This antago-
nism of contraction does not explain the attenuation by
nifedipine of responses to hypocapnia in tracheal smooth
muscle, since isoproterenol also reduced carbachol-induced
tension but without decreasing responses to hypocapnia
(fig. 7). The relative insensitivity of carbachol-contracted
bronchial rings to nifedipine may reflect the importance of
dihydropyridine-insensitive pathways for Ca2+ entry dur-
ing cholinergic stimulation of lower airway smooth mus-
cle [27]. Despite this apparent regional variation in the
mechanisms for agonist-enhanced Ca2+ entry, low PCO2-
induced increases in Ca2+ entry appear to involve primarily
L-type Ca2+ channels in the trachea and bronchus, since
hypocapnia-induced increases in force were inhibited by
nifedipine in both airway smooth muscle preparations.

Responses to hypocapnia are likely to depend on intra-
cellular concentrations of H+ ions and prolonged decre-
ases in extracellular CO2 concentration have previously
been shown to increase pHi in airway muscle [29]. Direct
effects of pH on L-type voltage-dependent Ca2+ channels
have been demonstrated in a variety of smooth muscle
cells [13, 30–32] and Ca2+ entry into airway smooth mus-
cle is pH dependent [33]. The present data demonstrate
changes in pHi and pHe with time courses similar to those

of changes in [Ca2+]i and tension (figs. 3, 4) but cannot
distinguish between the effects of intracellular and extra-
cellular pH. Nevertheless, patch-clamp studies in the auth-
ors' laboratory have directly demonstrated enhancement
of Ca2+ currents through voltage-dependent Ca2+ channels
of tracheal smooth muscle cells with increases of intra-
cellular but not extracellular pH [13]. Thus, it is suggested
that hypocapnia constricts airway smooth muscle via a
direct effect of intracellular alkalosis on Ca2+ influx thro-
ugh L-type Ca2+ channels. Interestingly, the patch-clamp
data showed that increases in pHi enhanced the magnitude
of depolarization-induced currents but did not alter the
voltage dependence of channel activation [13]. This beha-
viour is entirely consistent with the present demonstra-
tion that hypocapnia had little effect in resting muscle, but
did increase the magnitude of the contraction in carbach-
ol-treated tissues in which Ca2+ channels are presumably
opened by depolarization.

Indirect activation of voltage-dependent Ca2+ channels
could also occur if alkalosis depolarized the smooth mus-
cle cell membranes. Potassium currents of vascular smooth
muscle cells were reduced with increases in pHi [34], con-
sistent with this mechanism. However, pH had no signi-
ficant effect on potassium currents in myometrium [30]
and the prominent Ca2+-activated K+ channels of airway
smooth muscle are activated rather than inhibited by in-
creased pH [35]. Furthermore, in this study, hypocapnia
produced contraction in depolarized smooth muscle (fig.
5). This argues strongly against an important role for K+

channel inhibition in the hypocapnia response, since mem-
brane potential is resistant to change by alterations in K+

channel activity in the presence of elevated extracellular
K+. Voltage-dependent Ca2+ channels are also activated by
the depletion of intracellular Ca2+ stores through a poorly
understood mechanism [36]. Hence, the release of Ca2+

from the sarcoplasmic reticulum by increased pHi might
also contribute to nifedipine-sensitive hypocapnia-induced
contraction. The present data do not directly address this
possibility. However, hypocapnia stimulates phosphatidy-
linositol turnover in rat tracheal muscle, which would
presumably stimulate the release of calcium from intra-
cellular stores [37].

In summary, in vitro models were developed to investi-
gate the mechanism of hypocapnia-induced airway con-
striction. Tension induced by carbachol in bronchial or
tracheal smooth muscle preparations was enhanced by
hypocapnia. Increases in tracheal smooth muscle tension
were accompanied by increases in intracellular pH and the
intracellular free calcium concentration. Cyclo-oxygenase
and lipoxygenase inhibition did not prevent the tension
response, but pretreatment with nifedipine diminished the
hypocapnia-induced contraction. These studies indicate
that hypocapnia affects airway smooth muscle directly
and that the enhancement of calcium entry through volt-
age-dependent calcium channels, possibly via increased
intracellular pH, plays an important role in this response.
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