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under conditions of acute as well as chronic hypoxia. Cerebral
vasoconstrictor and vasodilator responses are important mechanisms by which brain blood flow is maintained. A number of studies have shown that chronic
hypoxia profoundly influences vascular control, alter-
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ing both vasoconstrictor as well as vasodilator responses in isolated cerebral vessels (2, 16). Such effects
may be important for the fetus in relation to the occurrence of cerebral vascular injury during the neonatal
transition. They also may be important in the adult in
whom disorders involving the cerebral circulation occur under conditions of acute and chronic hypoxia. A
rare but often fatal complication after acute hypoxia is
high-altitude cerebral edema in which sustained vasodilatation combined with probable endothelial dysfunction disrupts the blood-brain barrier and causes leakage (11). Chronic mountain sickness can develop after
years of high-altitude residence (32) and is characterized by profound hypoxia, particularly during sleep,
excessive polycythemia, and possible loss of cerebral
blood flow autoregulation (28).
We hypothesized that chronic hypoxia augmented
contractile sensitivity to the thromboxane mimetic
U-46619 in isolated cerebral vessels as the result of
reduced nitric oxide (NO) production and/or activity.
We studied the middle cerebral artery (MCA) as a
vessel making a substantial contribution to cerebral
vascular resistance that could be readily isolated and
was amenable to being studied by video microscopy, a
technique for measuring actual contractile response
rather than the increase in isometric tension. U-46619
was chosen as a physiologically relevant contractile
agonist, given that thromboxane is present in the cerebral circulation under circumstances of hemolysis
(33) and has been reported to be increased during
hypoxia (3). Study results indicated that chronic hypoxia increased the contractile sensitivity to U-46619 as
hypothesized. Administration of the nonspecific NO
synthase (NOS) inhibitor nitro-L-arginine (NLA) eliminated the difference in contractile sensitivity between
the vessels from the normoxic and chronically hypoxic
animals, suggesting that reduction in NO production
and/or activity was responsible for the increased contractile sensitivity observed. Because cofactors for
NOS are not saturating in the cerebral circulation (25)
and dietary supplementation with L-arginine has been
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Chronic hypoxia increases MCA contractile response to
U-46619 by reducing NO production and/or activity. J Appl
Physiol 92: 1859–1864, 2002; 10.1152/japplphysiol.00797.
2001.—Chronic hypoxia alters contractile sensitivity of isolated arteries to ␣-adrenergic stimulation and other agonists.
However, most studies have been performed in thoracic aortas or other large vessels making little contribution to vascular resistance in their respective circulations. To determine the effect of chronic hypoxia on the vasoconstrictor
response in a small, resistance-sized vessel, we studied second and third generation middle cerebral arteries (MCA;
⬃75-m internal diameter before mounting). MCA were isolated from normoxic (inspired oxygen ⫽ 125 Torr) and hypoxic (8 wk at 3,960 m; inspired oxygen ⫽ 90 Torr) guinea
pigs, and their vasoconstrictor responses were determined to
the thromboxane mimetic U-46619 by using dual-pipette
video microscopy. Arteries from hypoxic animals had greater
contractile sensitivity to U-46619 compared with those of the
normoxic animals (⫺log EC50 ⫽ 7.86 ⫾ 0.11 vs. 7.62 ⫾ 0.06,
respectively, P ⬍ 0.05). Addition of the nitric oxide (NO)
inhibitor nitro-L-arginine (200 M) to the vessel bath eliminated the differences in contractile sensitivity between the
MCA from the normoxic and chronically hypoxic groups.
Supplementation with L-arginine in the drinking water sufficient to raise plasma L-arginine levels 41% reduced MCA
contractile sensitivity to U-46619 in the normoxic group
(⫺log EC50 ⫽ 7.22 ⫾ 0.31, P ⬍ 0.05 compared with the
nonsupplemented normoxic group) but not in the chronically
hypoxic group. These results show that chronic hypoxia increases the sensitivity of the MCA to the vasoconstrictor
U-46619, likely because of a reduction in NO production
and/or activity.
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shown to at least partially reverse hypoxia-associated
increases in contractile responsiveness in other circulations (13, 21), we reasoned that dietary supplementation with L-arginine might restore NO production
and/or activity and thereby reduce contractile sensitivity in vessels from chronically hypoxic animals to normoxic values. Results indicated that this did not occur,
suggesting that other factors served to reduce NO
production and augment MCA contractility under conditions of chronic hypoxia.
METHODS
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RESULTS

Response to U-46619 in vessels from normoxic
and chronically hypoxic animals. The MCA from the
normoxic as well as the chronically hypoxic animals
contracted in response to U-46619 (Fig. 1, Table 1).
Chronic hypoxia increased contractile sensitivity to the
thromboxane mimetic U-46619, shifting the dose response curve to the left (Fig. 1A) and raising the pD2
(Table 1). Neither the Cmax nor the Hill coefficient
differed in the hypoxic vs. normoxic groups (Table 1).
The contractile response to 40 mM KCl was also similar, with the vessels decreasing in inner diameter by
15 ⫾ 6 and 19 ⫾ 6% in the normoxic and chronically
hypoxic groups, respectively.
Effect of NO synthesis inhibition on the contractile
response to U-46619. Treatment with the NO synthesis
inhibitor NLA eliminated the differences in MCA contractile sensitivity between the normoxic and chronically hypoxic groups (Fig. 1B). Although NLA administration increased contractile sensitivity in both
groups (Table 1), the magnitude of change in pD2 was
considerably greater in the normoxic than the chronically hypoxic group (EC50 values ⫽ 24.9 ⫾ 2.9 nM
before vs. 5.9 ⫾ 0.6 nM after NLA in the normoxic
group; 15.4 ⫾ 2.4 nM before vs. 9.0 ⫾ 2.2 nM after NLA
in the hypoxic group). Maximum contraction and the
Hill coefficients were unaffected by NLA administration. Together with the greater effect of NO inhibition
in the normoxic than the hypoxic vessels (Table 1), this
supported the likelihood that reduced NO production
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Animals. Animals for these experiments were 10 guinea
pigs kept at the laboratory altitude of 1,600 m (normoxia,
inspired O2 ⫽ 125 Torr) and 11 animals who were exposed to
a simulated altitude of 3,960 m in a hypobaric chamber
(hypoxic, inspired O2 ⫽ 90 Torr) for 8 wk. Guinea pigs were
chosen as the experimental animal because their small size
permits them being housed in our hypobaric chamber and in
relation to the goals of a larger study concerned with the
effects of chronic hypoxia on vascular responses to pregnancy. At the time of study, body weight was similar in the
two groups (724 ⫾ 117 and 797 ⫾ 95 g, respectively, P ⫽ not
significant). Five animals in each altitude group were supplemented with L-arginine in the drinking water (22.5 g/l) for
8 wk before study. In a separate group of six normoxic
animals, this dosage of L-arginine raised serum L-arginine
levels 41 ⫾ 7% (from 132 to 177 nM/ml, P ⬍ 0.05) as measured by use of gas chromatography/mass spectrometry (19).
Isolated vessel preparation. The brain was removed under
chloralose-urethane anesthesia (200 mg/kg), and MCA were
carefully dissected to avoid mechanical damage. These were
second- to third-generation, ⬃75-m (before mounting) vessels off the circle of Willis that were devoid of collaterals.
Both ends of the vessel were cannulated by using a dualpipette system described previously (5, 6) and visualized by
use of an inverted binocular light microscope (Olympus
model CK, Tokyo, Japan) with signals being recorded by
video camera (model JE 7442, Javelin Electronics, Los Angeles, CA) and displayed on a monochrome monitor (model
BWM 12A, Javelin Electronics, Torrance, CA). Vessels were
mounted by inserting an inner pipette into each end of the
vessel and, in turn, advancing the inner pipette into an outer,
holding pipette connected to the microscope stage by using
four-axis micromanipulators (Spiderwort Design, Colorado
Springs, CO). The mounted vessel assembly was submerged
in a 2-ml perfusion bath maintained at 37°C by a thermal
control circuit (model 16060, Love Controls, Wheeling, IL).
The vessels were perfused externally with a physiological
salt solution maintained at pH 7.4 ⫾ 0.04, and the vessel
lumen was perfused with the same solution with the addition
of 1% bovine albumin (A-2934, Sigma Chemical, St, Louis,
MO). Vessels were studied under conditions of no flow
through the vessel lumen.
Protocol. The mounted vessels were pressurized to 10 Torr
and then to 20 Torr, which we previously determined to be
that which yielded the greatest contraction to 40 mM KCl.
(Guinea pig arterial blood pressure is ⬃55 Torr.) After a
60-min equilibration period, vessels were contracted with a
submaximal dose of KCl (40 mM), rinsed, and allowed to
return to their initial diameter. These inner diameters were
similar for the normoxic and hypoxic animals, averaging
271 ⫾ 13 m. Vessels were considered viable if a test dose of
U-46619 (3 ⫻ 10⫺7 M) reduced inner diameter at least 25%

from the initial resting value, and acetylcholine (3 ⫻ 10⫺5 M)
reversed at least 50% of this U-46619-induced contraction.
The dose response to the thromboxane mimetic U-46619
(1 ⫻ 10⫺10 to 3 ⫻ 10⫺6 M or 0.1 nM to 3 M) was then
examined. In preliminary experiments, lower concentrations
of U-46619 had no effect and higher dosages did not produce
further contraction. Vessels were treated with NLA (200
M), an inhibitor of NO production, and the contractile
responses to U-46619 were repeated. In separate studies in
normoxic or chronically hypoxic animals (n ⫽ 4 each group),
there were no differences in maximal contraction, contractile
sensitivity, or Hill coefficient between two successive doseresponse curves.
Data analysis. Data are reported as means ⫾ SE. Changes
in inner diameter in response to chemicals added to the bath
were considered to represent the contractile response. Contractile responses to U-46619 were recorded as absolute values, and the percent of maximal contraction was calculated
at each dose. Maximum contractile response was calculated
for each vessel as the difference between the initial resting
diameter and the minimal diameter observed (Cmax). The
percent maximal contraction at each dose of U-46619 was
plotted, and nonlinear regression analysis was used to calculate the best fitting contraction-response curve, the negative
log of the half-maximal contractile response or EC50 (pD2),
and the slope of the sigmoidal portion of the dose-response
curve (Hill coefficient). Cmax, pD2, and Hill coefficients were
compared among groups by using paired or unpaired t-tests
with Student-Newman-Keuls multiple comparisons as appropriate. Comparisons were considered significant when
P ⬍ 0.05.
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Fig. 1. Middle cerebral arteries (MCA)
from chronically hypoxic guinea pigs had
greater contractile sensitivity to U-46619
in the absence (⫺) of nitric oxide (NO)
inhibition by nitro-L-arginine (NLA) (A)
but not after NO inhibition (B). Values are
means ⫾ SE, and sample sizes are 5–6
animals in each group. P values refer to
comparison of curve position as judged by
the negative log of the EC50 (pD2). NS, not
significant.

Table 1. Dose-response characteristics of middle
cerebral arteries from normoxic or chronically
hypoxic guinea pigs treated with the thromboxane
mimetic U-46619
Normoxia
Without NLA

With NLA

Chronic Hypoxia
Without NLA

With NLA

Without L-arginine supplementation
pD2
Cmax, m
Hill
coefficient

7.62 ⫾ 0.06
113 ⫾ 26

8.24 ⫾ 0.06†
130 ⫾ 21

7.86 ⫾ 0.11*
117 ⫾ 23

8.11 ⫾ 0.10†
152 ⫾ 25

2.02 ⫾ 0.41

1.57 ⫾ 0.17

1.64 ⫾ 0.45

1.40 ⫾ 0.12

pD2
Cmax, m
Hill
coefficient

7.22 ⫾ 0.31‡
92 ⫾ 28

8.36 ⫾ 0.25†
206 ⫾ 13‡

7.69 ⫾ 0.34
138 ⫾ 27

8.26 ⫾ 0.53†
169 ⫾ 27

1.22 ⫾ 0.16

1.19 ⫾ 0.12

1.82 ⫾ 0.32

2.57 ⫾ 0.79

With L-arginine supplementation

Values are means ⫾ SE for sample sizes of 5–6 animals. Maximum
contraction (Cmax) is measured directly. Contractile sensitivity or the
pD2 and the Hill coefficient are calculated as the negative log of the
U-46619 concentration producing 50% of the maximum contraction
(⫺log mol/l) and the sigmoidal slope of the best-fitting nonlinear
regression curve, respectively. * P ⬍ 0.05 for comparison of normoxia
vs. chronic hypoxia; † P ⬍ 0.05 for comparison of without vs. with
NLA; ‡ P ⬍ 0.05 for comparison of without L-arginine vs. with
L-arginine supplementation
J Appl Physiol • VOL

supplemented animals vs. the nonsupplemented group
(0 ⫾ 2 vs. 19 ⫾ 6%, respectively, P ⬍ 0.05).
In normoxic L-arginine-supplemented animals, NLA
administration to the vessel bath markedly raised
maximum contraction and contractile sensitivity (Table 1, Fig. 3A). NLA administration to vessels from
chronically hypoxic animals also raised contractile sensitivity, but the effect was less marked than in normoxic animals (Fig. 3B). NLA administration did not
change the Hill coefficient in either group (Table 1).
DISCUSSION

In this study, we found that chronic hypoxia raised
MCA contractile sensitivity to the thromboxane A2
mimetic U-46619. This increase appeared to be due to
a diminution in NO production and/or activity as demonstrated by the similarity in contractile sensitivity
between the normoxic and chronically hypoxic groups
after pharmacological inhibition of NOS. The apparent
reduction of NO production and/or activity was not due
to reduced levels of the NOS substrate L-arginine because dietary supplementation with L-arginine reduced contractile sensitivity only in vessels from normoxic animals.
The validity of our study findings was dependent on
considerations regarding choice of vessel, study design,
technique, agonist, and means for evaluating the effects of NO production and/or activity. Although second
to third generation ⬃75 m MCA are not end arterioles
and thus the site of greatest cerebral vascular resistance, they make a substantial contribution to vascular
resistance and hence can be considered as resistance
vessels (23). Furthermore, the MCA has the advantage
of being comparatively free of adjacent tissue and
hence easily isolated. Our study design entailed examining MCA from guinea pigs that had been at the
laboratory altitude (1,600 m) or simulated high altitude (3,960 m) for 8 wk as part of a larger study
concerned with the effects of chronic hypoxia and pregnancy on the cerebral vascular vasoconstrictor and vasodilator responses (22). This duration of high-altitude
exposure was chosen to encompass nearly the whole of
guinea pig gestation (term ⫽ 9 wk). The guinea pig was
selected because it, like humans, demonstrates fetal
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was responsible for the greater contractile response of
the chronically hypoxic vs. normoxic group.
Effect of L-arginine supplementation on the contractile response to U-46619. In normoxic animals, L-arginine supplementation shifted the dose response curves
to the right (Fig. 2A, Table 1), suggesting that substrate supplementation raised NO production to
thereby decrease contractile sensitivity. No difference
was observed in maximum contraction to U-46619 or
the Hill coefficient (Table 1). The contractile response
to 40 mM KCl was diminished in the vessels from the
L-arginine-supplemented animals compared with those
from the nonsupplemented group (3 ⫾ 2 vs. 15 ⫾ 6%,
respectively, P ⬍ 0.05).
In chronically hypoxic animals, L-arginine supplementation did not change the pD2 (Fig. 2B, Table 1).
The contractile response to 40 mM KCl was lower in
the vessels from the chronically hypoxic L-arginine-
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Fig. 2. Chronic L-arginine supplementation for 8 wk decreased contractile
sensitivity in MCA from normoxic
guinea pigs (A) but not in chronically
hypoxic animals (B). Values are
means ⫾ SE, and sample sizes are 5–6
animals in each group. P values refer to
comparison of curve position as judged
by the pD2.

dogenous norepinephrine released by stimulation of
arterial nerves at physiological frequencies causes vasoconstriction in isolated sheep cerebral vessels (17)
but not, in our experience, when exogenously applied to
the guinea pig MCA. Thromboxane is released locally
under conditions of hemolysis and is a potent contractile substance both in vivo and in vitro. Furthermore, it
acts synergistically with endothelin-1, serotonin, and
other products of hemolysis to exert an even more
potent contractile effect (12, 33). Our results were
consistent with these previous studies, showing that
exogenous administration U-46619 caused brisk and
marked vasoconstriction.
Chronic hypoxia alters the contractile response of
isolated cerebral vessels. In isolated MCA from adult
sheep, chronic hypoxia increased the contractile response to high-dose KCl (135 mM) and serotonin as
well as histamine when normalized by the KCl response (16). However, chronic hypoxia decreased the
contractile response to norepinephrine in adult middle
cerebral and basilar arteries (18). In an elegant series
of studies, this decreased contractile responsiveness to
norepinephrine has been shown to be due to downregulation at several points in the signal transduction cascade (18, 29), perhaps as the result of prolonged sympathetic stimulation seen at high altitude (26). The
factors responsible for the increased contractile responsiveness to serotonin and histamine have not been
identified. Nor has the effect of chronic hypoxia on the

Fig. 3. NO synthesis inhibitor NLA
markedly raised contractile sensitivity
to U-46619 in MCA from L-argininesupplemented normoxic animals (A)
and, albeit to a lesser extent, in MCA
from L-arginine-supplemented, chronically hypoxic animals (B). Values are
means ⫾ SE, and sample sizes are 5–6
animals in each group. P value refers to
comparison of curve position as judged
by the pD2.
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growth retardation at high altitude and its small size
permits placing it in a hypobaric chamber for simulating high altitude. We used video microscopy (sometimes termed pressure myography) rather than vessel
rings (isometric myography) to avoid the possibility of
endothelial damage in these small vessels and because
it enables measurement of the actual contractile response rather than an increase in isometric tension as
afforded with vessel ring preparations (4). We chose
the thromboxane mimetic U-46619 as the contractile
agonist because thromboxane is found in the cerebral
circulation under conditions of hypoxia (3) and, in our
hands, U-46619 was a consistent contractile agonist.
Alterations in contractile response were analyzed by
using well-accepted measures, namely, curve position
or pD2, Cmax, and the slope of the dose-response curve
(Hill coefficient). We administered NLA in standard
dosages previously shown to inhibit NO production by
endothelial or type III NOS as well as the other NOS
isoforms (30). In support of its efficacy in our study
preparation was the ability of NLA to reverse the
rightward shift in the contractile dose-response curve
observed with L-arginine supplementation. Thus we
concluded that our study findings indicated that
chronic hypoxia raised MCA contractile sensitivity to
U-46619 and that this was due, at least in part, to
reduced NO production and/or activity.
Circulating substances do not normally reach cerebral tissue when the blood-brain barrier is intact. En-
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been shown to impair L-arginine uptake (8), suggesting
that this may be one mechanism by which chronic
hypoxia might limit NO production. Because NOS substrate levels are not saturating in cerebral tissue (25),
we reasoned that L-arginine supplementation might
reduce MCA contractile sensitivity to U-46619 in
hypoxic animals to levels observed in vessels from
normoxic animals. Consistent with this, L-arginine
supplementation decreased contractile sensitivity and
potentiated the effect of NOS inhibition, but the effect
was less, not greater, in the hypoxic vessels. This
suggested that some factor other than decreased
L-arginine availability was involved. Furthermore, because the isolated vessels were studied under normoxic
conditions, it appeared unlikely that reduced levels of
oxygen were responsible. This implies that reduced
levels of eNOS protein and/or message are involved.
Studies to evaluate the effect of chronic hypoxia on NO
production and/or activity under conditions such as
acetylcholine administration or increased shear stress
are warranted to determine whether stimulated NO
production is similarly reduced.
In summary, MCA contractile sensitivity to U-46619
was augmented under conditions of chronic hypoxia.
That this was due, at least in part, to decreased NO
production and/or activity was supported by the similarity in contractile sensitivity between the chronically
hypoxic and normoxic vessels after pharmacological
inhibition of NO production. The cause of the greater
contractile sensitivity to U-46619 in MCA from chronically hypoxic animals was not the result of reduced
levels of its L-arginine substrate. The possibilities that
decreased NOS protein levels or activity, increased NO
degradation, or reduced cGMP production were responsible await to be tested in future studies. Such studies
are of importance, given that endothelial or NO-related
mechanisms may contribute to the cerebral complications that have been described under conditions of
acute and chronic hypoxia.
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