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ABSTRACT: Chronic hypoxia has been shown to augment the production of antioxi-
dants in rat lungs and to reduce airway hyperreactivity in patients with asthma. This
study investigated indirectly whether this increase in antioxidants occurs in guinea-
pig lungs and whether the increased antioxidants affect hyperpnoea-induced bron-
choconstriction (HIB).

Guinea-pigs were divided into four groups: control (n=8); chronic hypoxia (n=7);
capsaicin pretreatment (n=7); and capsaicin pretreatment plus chronic hypoxia
(n=8). Control animals were not treated. Animals in the hypoxia group were intermit-
tently exposed to an ambient pressure of 380 mmHg for 7 days. A five day pretreat-
ment of capsaicin was used to deplete tachykinins. In the last group, animals were
pretreated with capsaicin, followed by a seven day hypoxic exposure. On the day of
the study, airway function was examined in the anaesthetized and paralysed animal.

Fifteen minutes of hyperpnoea caused marked decreases in the maximal expiratory
flow rate at 15% vital capacity, forced expiratory volume in one second, and dynamic
respiratory compliance, indicating HIB. This HIB and plasma substance P levels were
significantly attenuated by chronic hypoxia, capsaicin pretreatment, and capsaicin
pretreatment plus chronic hypoxia. Furthermore, chronic hypoxia attenuated airway
constriction induced by xanthine-xanthine oxidase.

The results suggest that chronic hypoxia attenuates hyperpnoea-induced bronchoc-
onstriction via a decrease in the oxygen radical-mediated release of tachykinins.
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Decreases in both water vapour and temperature in air-
ways occur during hyperpnoea. Hyperpnoea-induced bron-
choconstriction (HIB) is caused by water or heat loss, or
both, immediately following hyperpnoea. Ray ef al. [1]
demonstrated that HIB is mediated by tachykinins in guinea-
pigs. Similarly, Sowway ef al. [2] blocked HIB in guinea-
pigs by using tachykinin receptor antagonists, especially
the neurokinin-2 receptor antagonist. However, the rela-
tionship between the magnitude of HIB and tachykinin
levels is not clear.

It has been demonstrated previously that oxygen radi-
cals play an important role in HIB [3, 4]. In these studies,
oxygen radical scavengers and antioxidants significantly
reduced tachykinin-mediated HIB. Oxygen radicals may
augment HIB via an increase in tachykinin release and/or
inactivation of neutral endopeptidase (NEP). NEP is the
major degradation enzyme for tachykinins. Oxygen radi-
cals may activate afferent C-fibres of the lungs and induce
tachykinin release. This stimulation of afferent C-fibres
has been demonstrated in visceral afferents [5]. It is also
known that NEP is inactivated by oxygen radicals and is
protected by antioxidants [6].

Franxk [7] demonstrated that chronic hypoxia enhances
the production of antioxidant enzymes in rat lungs. It is
not clear whether the same phenomenon occurs in guinea-
pig lungs. Antioxidants attenuate acute lung oedema in-
duced by xanthine-xanthine oxidase (X-XO) [8], which is

known to generate oxygen radicals [9]. Therefore, the
bronchial response to X-XO was used to test indirectly the
antioxidant defence levels in the lungs before and after
chronic hypoxic exposure in guinea-pigs. Following the
indirect evidence of increased antioxidant defence levels
caused by chronic hypoxia, the question of whether HIB
can be attenuated by pretreating guinea-pigs with chronic
hypoxia was explored. Furthermore, both tachykinin level
and NEP activity were investigated for the possible under-
lying effects of chronic hypoxia.

Materials and methods

Preparation of experimental animals

Thirty young, male Hartley guinea-pigs (from the Ani-
mal Centre, National Science Council, Taipei, Taiwan)
weighing 232+14 g were divided into four groups: control
(n=8); chronic hypoxia (n=7); capsaicin pretreatment (n=
7); and capsaicin pretreatment plus chronic hypoxia (n=
8). Animals in the control group were placed in an open-
ed hypobaric chamber with no subatmospheric pressure.
Animals in the chronic hypoxia group were placed in the
closed hypobaric chamber with a barometric pressure of
380 mmHg [10] for 7 days. The animals were only
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exposed to hypoxia from 17:00 to 08:00 h each day (inter-
mittent exposure) and for the rest of the day they were
exposed to room air. Using capsaicin pretreatment to de-
plete tachykinins, a five day chronic capsaicin pretreat-
ment consisting of two consecutive daily doses of 50
mg-kg! and three consecutive daily doses of 100 mg-kg-!
capsaicin administered subcutaneously was begun 9 days
before the study [11]. The animals were anaesthetized
with a combination of pentobarbital sodium (15 mg-kg-1),
fentanyl (0.2 mg-kg!), and droperidol (10 mg-kg!) before
the subcutaneous injection of capsaicin [11]. For the capsai-
cin pretreatment plus chronic hypoxia group, the guinea-
pigs began their exposure to hypoxia for 7 days after the
initial capsaicin treatment.

On the day of the study, the animals were anaesthetized
with sodium pentobarbital (30—40 mg-kg!), and the trach-ea,
carotid artery and jugular vein were cannulated. After
being paralysed with gallamine triethiodide (4 mg-kg),
the animals were artificially ventilated and tested for
bronchial function before and after hyperpnoea with a gas
mix-ture of 95% 0,-5% CO, [3]. The experimental proto-
col was carried out according to a previous study [3]. The
basic sequence for each study had three periods: baseline,
hyperpnoea, and recovery. During the baseline period, each
animal was ventilated with humidified air (tidal volume, 6
mL-kg!; respiratory frequency (fR), 60 breaths-min-!) at
room temperature. Then it was hyperventilated for 15 min
with a dry 95% O,-5% CO, gas mixture at room tempera-
ture (tidal volume, 10 mL-kg!; fR, 150 breaths-min!). Sub-
sequently, each animal was returned to ventilation with
humidified air, the same as that at the baseline period, for
20 min (i.e. the recovery period).

Evaluation of bronchial function

During the baseline period, the full maximal expiratory
flow-volume (MEFV) manoeuvre was performed two or
three times to obtain baseline total lung capacity (TLC;
lung volume at airway opening pressure (Pao)=30 cmH,0).
Subsequently, partial MEFV manoeuvres were carried out
before and after hyperpnoea to examine the HIB. Since
lung inflation to high volume may ameliorate airway con-
striction [12, 13], the partial MEFV manoeuvre was used
to avoid the abolition of HIB. The partial MEFV manoeu-
vre was modified from a previously reported method [14].
Each anaesthetized animal was placed supine inside a
whole-body plethysmograph. The flow rate was monitored
with a Validyne DP45 differential pressure transducer as
the pressure dropped across three layers of 325-mesh wire
screen in the wall of the plethysmograph. Lung volume
change was obtained via integration of flow. Airway
opening pressure was measured with a Statham PM 131
pressure transducer. The lungs were inflated three times to
lung volume when Pao=10 cmH,0O (instead of the usual
Pao=30 cmH,0 for the full MEFV manoeuvre). At peak
volume during the third inflation, the inflation valve was
shut off and immediately another solenoid valve for defla-
tion was automatically turned on. The deflation valve was
connected to a 20 L container with a negative pressure of
40 cmH,0. This negative pressure produced the maximal
expiratory flow (V'max). The changes in flow, volume and
airway opening pressure were traced on a polygraph (TA11,
Gould, Cleveland, USA) and the partial MEFV plot was

also stored on a cathode ray storage oscilloscope (VC-
6025, Hitachi, New York, USA). During artificial ventila-
tion (between the interval of the partial MEFV manoeu-
vres), tidal volume (VT) and its accompanying airway
opening pressure difference (APao) were used to calculate
dynamic respiratory compliance (Crs=VT/APao). The air-
way opening pressure difference was measured between
end-inspiration and end-expiration (i.e., instances of no
flow). The V'max at 15% baseline vital capacity (V'max,15),
forced expiratory volume in 0.1 s (FEVo0.1), and Crs were
used as indicators of bronchoconstriction.

The general experimental procedure consisted of ob-
taining the values of V'max15, FEV0.1 and Crs before and
after the 15 min hyperpnoea. To explore temporal chan-
ges, these values were obtained at 5, 10, 15 and 20 min
immediately following the period of hyperpnoea.

Following the functional determination, arterial blood,
trachea tissue and lung tissue were sampled. Since arterial
blood is the effluent fluid from the lungs, its tachykinin
content should be a reliable indicator of tachykinin release
from afferent C-fibres in the lungs. Therefore, the level of
substance P (a tachykinin) was measured in arterial plas-
ma. Because tachykinins are degraded by NEP in blood,
phosphoramidon (105 M), a NEP inhibitor, was added to
all blood samples to suppress the degradation of tachyki-
nins following their release. The specimens were centri-
fuged and the plasma was obtained. The right lung was
sampled to determine the level of substance P, whereas the
trachea was isolated to measure NEP activity. Plasma and
tissues were stored at -70° C for later analyses.

Bronchial responses to capsaicin, substance P and xan-
thine-xanthine oxidase

To test whether chronic hypoxia induces a change in
bronchial responsiveness, airway responses to capsaicin,
substance P, and X-XO were compared between chroni-
cally hypoxic and control guinea-pigs. For each type of
airway responses, animals weighing 213+30 g were div-
ided into two groups, control and chronic hypoxia, of six
to eight (mean=7.5) animals each. Animals in the control
group breathed room air. Before the study, chronically
hypoxic animals were exposed to the intermittent hypoxia
for 1 week, as mentioned above. On the day of the study,
each animal was anaesthetized, cannulated, paralysed, and
artificially ventilated.

To test the bronchial responsiveness, capsaicin (10
png-kg!) was intravenously injected. Then, tidal breathing
and the MEFV manoeuvre were carried out both before
and 1-20 min after the acute capsaicin challenge. For the
substance P dose-response curve, substance P (2, 4, 8 or
16 pug-kg') was injected intravenously. Bronchial function
was determined, as described above, before and 1-15 min
after each injection. A pause of no less than 30 min was
allowed between any two substance P injections. The low-
est dose was administered (2 pg-kg) first, followed by a
higher dose. The highest dose of substance P (16 pg-kg)
was administered last. To examine the airway response
to xanthine-xanthine oxidase, 0.24 mL xanthine (0.025%
solution) was instilled intratracheally followed by a simi-
lar instillation of 0.24 mL of xanthine oxidase (0.122
U-mL!) solution. Following each instillation, the lung was
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inflated two or three times with approximately 4 mL air to
force the solution to reach most airways. Bronchial func-
tion was determined, as described above, before and 10—
30 min after X-XO administration.

Determination of substance P

Substance P was extracted from the lung using the
method of Saria ef al. [15]. Plasma samples were purified
by filtration through a C-18 column. The substance P level
was measured using an enzyme immunoassay [16] by
employing a substance P enzyme immunoassay kit ob-
tained from Cayman Chemical Company (Ann Arbor, MI,
USA). The intra-assay coefficients of variation for sub-
stance P were 10% or less.

Measurement of neutral endopeptidase activity

Tracheal NEP activity was determined using a mod-
ification of the methods of Ortowski and Wik [17], Haxuu-
Poskurica et al. [18], and Kumar (personal communication).
The frozen tracheae were thawed and minc-ed into tubes
containing 50 mM Tris, pH 7.4. The tissues were then
sonicated for 30 s at 4°C and centrifuged at 17,500 g for
15 min. The supernatant was removed for analysis.

The reaction mixture (250 pL) contained 50 UL of tissue
extract, 1.25 mM (final concentration) glutaryl-alanine-
alanine-phenylalanine-4-methoxy-2-naphthylamine sub-
strate, 10 pg leucine aminopeptidase and 50 mM Tris
buffer, pH 7.4. The samples were incubated for 1 h at
37°C. The reaction was stopped and the coloured product
formed by the addition of 2 mL of 0.0025% fast garnet
GBC in 2% Brij 35. The optical density was determined
spectrophotometrically at 530 nm. The amount of 2-naph-
thylamine released was calculated from the extinction co-
efficient of the fast garnet GBC-2-naphthylamine reaction
product (molar coefficient=27,000 [19]). Each sample
was run in duplicate. A 50 puL aliquot of each extract was
also preincubated for 15 min at room temperature with
8x107 M phosphoramidon in 50 mM Tris buffer, pH 7.4.
Substrate and leucine aminopeptidase were then added
and the solution was incubated as described above. The
protein concentration of the trachea was determined by
the method of Lowry et al. [20] with bovine serum albumin
as the standard. The phosphoramidon-inhibitable neutral
endopeptidase specific activity was expressed as nanomo-
les of 2-naphthylamine released per milligram of protein
per hour.

Statistical analysis

All values are reported as mean+sem. Analysis of vari-ance
(ANOVA) was used to establish the statistical significance
of differences among groups. If significant differences
among groups were obtained using ANOVA, Duncan's
multiple range test was used to differentiate differences
between groups. Differences were considered significant
for p-values <0.05

Results

Body weight and baseline respiratory parameters are
listed in table 1. The capsaicin pretreatment plus chronic
hypoxia group had lower body weight but higher FEVo.1
and V'max,15. It is not clear why higher FEVo.1 and V'
max,15 were observed in the capsaicin pretreatment plus
chronic hypoxia group.

Figure 1 shows hyperpnoea-induced alterations inV'max,15.
In the control group, there was a marked decrease in V'
max,15 at 5 min following hyperpnoea (fig. 1), which per-
sisted for 15 min and was abolished by chronic hypoxia,
capsaicin pretreatment and capsaicin pretreatment plus
chronic hypoxia. Changes in FEVo.1 (fig. 2) and in Crs
(fig. 3) were found to be similar to those in V'max,15 dur-
ing the recovery phase following 15 min of hyperpnoea.
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Fig. 1. — Temporal changes in maximal expiratory flow at 15% vital
capacity (V'max,15) induced by hyperpnoea in four groups of guinea-
pigs. O: control; @: hypoxia; v: capsaicin pretreatment; ¥ : capsaicin
pretreatment + hypoxia. See table 1 for the number of animals in each
group. Significant differences (p<0.05) between groups: *: compared
with the control group; #: compared with the chronic hypoxia group.
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Table 1. — Body weight and baseline respiratory values in guinea-pigs

Group n Body wt Crs FEVo.1 V'max,15
g mL-cmH,0! mL mL-s!
Control 8 248+13 0.247+0.017 4.58+0.45 38.1x4.9
Hypoxia 7 229+14 0.265+0.014 4.56+0.28 42.1+4.0
Capsaicin pretreatment 7 25319 0.283+0.021 4.74+0.40 44.4+7.3
Capsaicin pretreatment + hypoxia 8 200+11%* 0.277+0.008 5.78+0.29* 62.6+7.3%

Values are mean=sev. n: number of animals; wt: weight; Crs: respiratory compliance; FEVo.1: forced expiratory vol-
ume in 0.1 s; V'max,15: maximal expiratory flow rate at 15% of baseline vital capacity. *: p<0.05, compared with

the control group.
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Fig. 2. — Temporal changes in forced expiratory volume in 0.1 s

(FEVo.1) induced by hyperpnoea in four groups of guinea-pigs. O: con-
trol; @: hypoxia; V: capsaicin pretreatment; ¥ : capsaicin pretreatment +
hypoxia. See table 1 for the number of animals in each group. Signifi-
cant differences (p<0.05) between groups: *: compared with the control

group.
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Fig. 3. — Temporal changes in dynamic respiratory compliance (Crs)

induced by hyperpnoea in four groups of guinea-pigs. O: control; @:
hypoxia; v : capsaicin pretreatment; ¥ : capsaicin pretreatment + hy-
poxia. See table 1 for the number of animals in each group. Significant
differences (p<0.05) between groups: *: compared with the control

group.

Plasma and lung tissue substance P values as well as
tracheal NEP activity measured in samples obtained at the
end of the functional study are shown in table 2. The
plasma substance P level was significantly higher in the
control group than in all other groups. Capsaicin plus
chronic hypoxia caused a significant decrease in the lung
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tissue substance P level. No significant differences in tra-
cheal NEP activity could be demonstrated between groups.

No significant differences in bronchial response (Crs) to
either capsaicin (fig. 4) or substance P (fig. 5) were found
between the control and the chronic hypoxia groups. The
bronchial response (Crs) to X-XO was, however, attenu-
ated in the chronic hypoxia group (fig. 6).

120 7
100 ¢
80-
60-.

40

Crs % of baseline

20

0 5 10 15 20
Time min
Fig. 4. — Capsaicin-induced alteration in dynamic respiratory compli-
ance (Crs) in the control (@; n=6) and hypoxia (O; n=7) groups of ani-
mals. No significant differences in bronchial response to capsaicin were
found between the control and chronic hypoxia groups.
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Fig. 5. — Substance P-induced alteration in dynamic respiratory com-

pliance (Crs) in the control (®; n=7) and hypoxia (O; n=8) groups of ani-
mals. No significant differences in bronchial response to substance P
were found between the control and chronic hypoxia groups.

Table 2. — Substance P (SP) levels and tracheal neutral endopeptidase (NEP) activity in
guinea-pigs
Control Hypoxia  Capsaicin pretreatment Capsaicin pretreatment +
n=6 n=6 n=7 hypoxia n=8
SP levels
Plasma fmol-mL! 90.1+8.4 42.1+13.0% 47.3+4.8% 41.5+£7.6*%
Lung tissue pmol-g!  6.94+1.32 6.04+0.56 4.69+0.78 3.11+0.20*
NEP activity
31527 37027 361+22 324+28

nmol-mg protein-!-h-!

Values are mean+sem. n: number of animals. *: p<0.05, compared with the control group.



CHRONIC HYPOXIA ATTENUATES HIB 1079

Crs % of baseline

0 T T 1
0 10 20 30
Time min

Fig. 6. — Alteration in dynamic respiratory compliance (Crs) induced
by xanthine and xanthine oxidase in the control (®; n=8) and hypoxia
(O; n=8) groups of animals. *: significant difference in bronchial resp-
onse to xanthine-xanthine oxidase between the control and chronic
hypoxia groups (p<0.05).

Discussion

Chronic hypoxia, antioxidants and hyperpnoea-induced
bronchoconstriction

Hyperventilation with a dry 95% O,-5% CO, gas mix-
ture induced marked decreases in V'max,15, FEVO0.1, and Crs.
These decreases were significantly attenuated by chronic
hypoxia. It has been demonstrated that V'max is closely
associated with the bronchial diameter [21], and dynamic
compliance is often used as an indicator of change in di-
mension of the peripheral airways [22]. Therefore, it was
demonstrated that pre-exposure of guinea-pigs to hypo-
baric hypoxia for 1 week attenuates HIB. It is known that
HIB in guinea-pigs is mediated via tachykinins [1, 2].
Could this attenuation be related to a dilatory effect of
chronic hypoxia which suppresses airway constriction in
response to tachykinins? Perreauir ef al. [23] demonstrated
in anaesthetized rabbits that chronic hypoxia does not sig-
nificantly alter the baseline respiratory resistance value or
the histamine-induced increase in respiratory res-istance,
implying that chronic hypoxia does not have a general
bronchodilatory effect. Although the same effect was not
investigated in guinea-pigs, the dilatory action of chronic
hypoxia is perhaps unlikely.

Frank [7] showed that chronic hypoxia enhances the pro-
duction of antioxidant enzymes in rat lungs. However, it is
not known whether the same enhancement occurs in
guinea-pig lungs. Karsumata et al. [24] demonstrated that
the administration of X-XO produces oxygen radicals.
The same administration of X-XO produced a signific-
antly (p<0.05) smaller degree of airway constriction in the
chronic hypoxia group than in the control group (fig. 6).
Therefore, the results imply that the ability to generate
oxygen radicals is decreased in the chronically hypoxic
guinea pig lungs. This decrease in oxygen radical produc-
tion might be closely related to the increased antioxidants
in the guinea-pig lungs following chronic hypoxia. This
speculation is based on the fact that antioxidants attenuate
lung oedema caused by X-XO [8], which generates oxy-
gen radicals [9]. This increase in antioxidants, then, may
be related closely to the attenuation of HIB. During the
course of prolonged hypoxia, the first period of acute

hypoxia should augment the production of oxygen radi-
cals [25, 26]. Subsequently, increased oxygen radicals
may cause an increase in the synthesis of antioxidants [7]
during the latter period of prolonged hypoxia.

Several lines of evidence from previous studies support
the idea that HIB is suppressed by antioxidants and aug-
mented by oxygen radicals. 1) Marked HIB occurs follow-
ing 15 min of hyperpnoea with a mixture of 95% O,-5%
CO, gas mixture but not with 5% CO, in air [3]. Since
high O, can generate oxygen free radicals [27], the effect
of 95% 0O,-5% CO, may be closely related to oxygen radi-
cals. 2) Scavengers of hydroxyl radicals (dimethylthiourea)
[28] as well as the combination of superoxide dismutase
and catalase, significantly suppressed the HIB induced by
hyperpnoea with a high O, gas mixture [3]. 3) HIB was
found to occur more frequently in sensitized rabbits [29].
It is known that there is an increase in oxygen radical pro-
duction in sensitized animals [30]. However, HIB in asth-
matics probably reflects changes in the temperature and/
or osmolarity of airways. Further studies are needed to
test whether HIB in asthmatics relates to antioxidants or
oxygen radicals.

Tachykinins and hyperpnoea-induced bronchoconstriction

Innervation of the airways and lungs with afferent C-
fibres has been demonstrated in several species of mam-
mals, including humans and guinea pigs [31]. Activation
of afferent C-fibres causes the release of tachykinins which,
in turn, induces bronchoconstriction, vascular leakage and
the secretion of mucus [32, 33]. Afferent C-fibres can be
stimulated by hyperpnoea [1, 3] and by other irritants [33,
34]. Tachykinins (mainly substance P and neurokinin A in
mammals [15]) and a calcitonin gene-related peptide are
simultaneously released following the activation of affer-
ent C-fibres [32]. Tachykinins are the major mediators
that induce airway constriction following afferent C-fibre
sti-mulation [32], and are therefore the mediators of the
ex-citatory nonadrenergic-noncholinergic system. Pretreat-
ment with capsaicin should decrease the tachykinin content
in lung tissue. A significant decrease was demonstrated in
the capsaicin pretreatment plus hypoxia group but not in
the capsaicin alone group (table 2). Although there was a
trend towards a decrease, the failure of capsaicin pretreat-
ment alone to reduce significantly the content of substance P
in lung tissue could be due to large variations in these values.

Chronic hypoxia did not alter substance P-induced air-
way constriction (fig. 4). Since substance P acts directly on
airway smooth muscle, the result may imply that chronic
hypoxia does not affect the reactivity of bronchial smooth
muscle. As mentioned above, the mediators for HIB are
tachykinins in guinea-pigs [1, 2]. There are no data in the
literature, as far as the authors are aware, to illustrate the
relationship between HIB and tachykinin content in lung
tissue and plasma. If there is no change in the characteristics
of tachykinin receptors during the course of HIB, the mag-
nitude of HIB should be related closely to released tachy-
kinins. Chronic hypoxia attenuated HIB (figs. 1-3) and
thus should decrease tachykinin release according to the
above reasoning. Chronic hypoxia was found to cause a
significant decrease in the substance P level in arterial
plasma, implying that the findings support this reasoning.
It is tempting to speculate that there is a temporal change
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in the release of tachykinins during the course of prol-
onged hypoxia. During the acute phase, increased oxygen
radicals can activate afferent C-fibres [5] and enhance tach-
ykinin release. In addition, oxygen radicals can inactivate
NEP. Since NEP is the main degradation enzyme for tach-
ykinins, its inactivation should augment the activity of
tachykinins. Antioxidants increase following prolonged
hypoxia [7], and this increase should then suppress the ac-
tivation of afferent C-fibres and protect NEP. Consequently,
these alterations during prolonged hypoxia could attenu-
ate HIB.

No significant difference in neutral endopeptidase
activity, however, was observed between the control and
the hypoxia groups (table 2). Therefore, it seems unlikely
that the suppression of hyperpnoea-induced bronchocon-
striction by chronic hypoxia occurs via an alteration in
neutral endopeptidase activity.
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