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Abstract. The mechanism responsible for initiating hypoxic pulmonary vasoconstriction
(HPV) remains controversial. In this study, reversible constriction of the pulmonary artery was
produced when the ratio of carbon monoxide to oxygen was increased, demonstrating that HPV
could be imitated even in the presence of a constant oxygen tension. Isolated rat lungs from 14
adult rats were perfused with a 5% albumin-physiological salt solution and ventilated with 21%
0,, 5% CO,, balance N,. At the end of a 30-min stabilization period, the lungs were injected
with a bolus of angiotensin II (0.2 ug). They were then challenged three times for 5 min with an
hypoxic gas mixture alternating with 5 min of normoxia. The ventilatory circuit was then
changed to one in which 10% O,, 5% CO; and varying concentrations of CO (balance N,) could
be administered. The concentration ratios of CO:0, were 0.5:1, 1:1, 2:1, 4:1, and 8:1. These
were randomly administered for 6 min interspersed with 6 min of normoxia; a final angiotensin
II challenge was given. The results show a slight but significant vasodilation with CO:0, of 0.5:1,
1:1 with mean depressor responses of —0.7 £ 0.1, —0.7 + 0.1 cm H,0 and progressive vasocon-
striction with CO:0; of 2:1, 4:1, 8.5:1 with mean pressor responses of 0.11 + 0.3, 4.0 + 0.4 and
6.2 + 0.5 cm H,0O. The pressor response to angtiotensin II remained unchanged from beginning
to end (9.5 £ 0.5, 8.1 + 0.7 cm H,O. The pressor responses, therefore, are consistent with
reduced function of the cytochromes of the electron transport chain. These results suggest that
HPYV may be initiated by a reduction of energy state of the vascular smooth muscle and that
postulation of a specific oxygen receptor is not necessary. © 1988 Society for Experimental Biology and

Medicine.

The precapillary vessels of the pulmonary
artery, both in vivo and in vitro, constrict
when the oxygen tension in the alveolar gas
or the mixed venous blood is decreased (1).
This response is termed hypoxic pulmonary
vasoconstriction (HPV). Numerous studies
have attempted to identify how hypoxia is
sensed to produce this vasoconstriction. Sug-
gestions have included a specialized oxygen
receptor or an indirect action based on the
energy state of the vascular smooth muscle
or desaturation of the lung cytochrome P,sq
(2-4). The purpose of the present study was
to examine these possibilities using an in
vitro ventilated and perfused rat lung model
with a well-developed response to HPV and
in which the relevant variables could be con-
trolled. The role of oxygen receptors was
tested by maintaining the oxygen tension at
70 mm Hg throughout with ventilatory gas
mixtures containing 10% oxygen, 5% carbon
dioxide, and varying nitrogen and carbon
monoxide concentrations. In this way, if a
specific oxygen receptor were essential to ini-
tiate HPV, then no constriction would occur
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but, if a constriction occurred, then the par-
ticular metaloporphyrin involved would be
suggested from the characteristics of the
CO:0; ratio.

Materials and Methods. Fourteen adult
female Wistar rats were anesthetized with 40
mg pentobarbital/kg body weight intraperi-
toneally. The preparation has been described
in detail elsewhere (5) and is summarized
below. A tracheostomy was performed and
the animals were ventilated with 21% oxy-
gen, 5% carbon dioxide, balance nitrogen at
the rate of 180 ml/min by means of a Har-
vard rodent ventilator with 2 cm H,O of
PEEP applied. A midline sternotomy was
performed and the ribs were retracted expos-
ing the heart and lungs. Heparin (200 IU)
was injected into the left ventricle to prevent
coagulation of the blood. A small incision
was made in the right ventricle into which a
“T-shaped cannula was inserted and se-
cured in the pulmonary artery. Another inci-
sion was made in the apex of the left ventricle
into which another cannula was tied. The
lungs were removed from the chest cavity,
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suspended in a heated chamber, and per-
fused by means of a Harvard peristaltic
pump with a 5% albumin-physiological salt
solution at the rate of 0.06 ml/min/g. The
left atrial pressure was maintained at zero.
The first 30 ml of perfusate was discarded to
ensure a blood-free perfusate.

The lungs were ventilated and perfused for
a 30-min stabilization period, during which
time they were ventilated with a normoxic
gas mixture (21% oxygen, 5% carbon diox-
ide, balance nitrogen). They were then stim-
ulated with 0.2 ug angiotensin II and injected
as a 0.1-ml bolus into the pulmonary artery
cannula, followed by three 5-min hypoxic
gas challenges (3% oxygen, 5% carbon diox-
ide, balance nitrogen) interspersed with 5
min of ventilation with the normoxic gas. At
this point, an additional ventilatory circuit
was added to the system by which varying
concentrations of carbon monoxide were
added to the inspired gas. This circuit con-
sisted of an H. Westholl gas-mixing pump
which allowed the mixing of carbon monox-
ide with 10% oxygen, 5% carbon dioxide,
balance nitrogen, resulting in gas mixtures
with CO:0, ratios of 0.5:1, 1:1, 2:1, 4:1,
and 8.5:1.

These gas mixtures were administered in
random order to the isolated lungs for 6 min,
with 6 min of 10% oxygen, 5% carbon diox-
ide, balance nitrogen administered between
each carbon monoxide challenge. After the
final challenge, another 0.2 ug of angiotensin
II, was injected as a 0.1-ml bolus into the
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pulmonary artery cannula. The composition
of the gas mixtures, including the carbon
monoxide concentrations, was monitored by
means of a Perkin-Elmer mass spectrome-
ter. Measurements were recorded of pulmo-
nary artery pressure, airway pressure, pH,
temperature, alveolar and blood PO,, PCO,,
animal body weight, and the wet-dry/dry
weight of the lung.

The data were analyzed statistically by
analysis of variance and specific differences
between means were sought with the Neu-
man-Kuels test. The null hypotheses were
rejected at P < 0.05.

Results. Lungs isolated from 14 rats (body
weight 343.2 + 15.5 g) were studied. The
general conditions were maintained constant
throughout for all rats (means + SE): temper-
ature, 36.5 = .02°C; perfusate, pH 7.36
+ 0.1; airway pressure, 5.3 = 0.1 cm H,O;
wet—dry/dry weight 5.37 = 0.2 ml water/g
dry tissue. The results of this study are given
in Table I. For each challenge, the baseline
pulmonary artery pressure was obtained as
the mean of the pressures immediately be-
fore and after the challenge stimulus. These
baseline pressures are shown in Table I and
did not change significantly during the
course of the study.

The results show that with the lowest
CO:0; ratios (0.5:1 and 1:1), the pulmonary
artery pressure decreased significantly, indi-
cating vasodilation. At higher carbon mon-
oxide concentrations (2:1, 4:1, and 8.5:1),
the pulmonary vessels constricted progres-

TABLE 1. PRESSOR RESPONSES TO ANGIOTENSIN II AND TO INCREASING
CARBON MONOXIDE:OXYGEN RATIOS (n = 14)

Baseline pressure”

Pressure response’

(cm H,O + SE) (cm H,0 + SE)

Initial 0.2 ug angiotensin Il 10.9 £ 0.9 9.5+0.5
3% Hypoxia 11.6 £0.8 9.1x0.9
Carbon monoxide:oxygen ratio

0.5:1 11.2+0.8 —-0.7+0.2

1:1 11.4+£0.8 0.7+ 0.2

2:1 11.3+0.8 0.1+£0.3

4:1 10.8 £0.9 40+04

8.5:1 10.2 £ 1.1 6.2 +0.5
Final 0.2 ug angiotensin II 11.3+£0.7 8.1 +0.7

“ Baseline pressure is the average of the pulmonary artery pressures immediately before and after the indicated

challenge.

® Pressure response is the peak change of pressure from the baseline during a challenge.
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sively and the pulmonary artery pressure in-
creased significantly above baseline by 0.1
+0.3,4.0 + 04, and 6.2 = 0.5 cm H ,0,
respectively. These last two values are signifi-
cantly different from each other and both are
significantly different from the first three
carbon monoxide values.

The constricture responses to angiotensin
IT were 9.5 + 0.5 cm H,O before the carbon
monoxide was begun and 8.1 + 0.7 cm H,O
after carbon monoxide had been eliminated.

Discussion. The present study shows that
the pulmonary vessels do not constrict when
the oxygen tension is maintained at 70 mm
Hg, but that constriction can be induced,
even at this PO,, by increasing the carbon
monoxide concentration. This constriction
is reversible and is dose dependent, and the
pulmonary vessels are viable at the end of the
study. With the lowest concentrations of car-
bon monoxide (i.e., CO:0, ratios of 0.5:1
and 1:1), the pulmonary vessels dilated
slightly but, as the ratios increased, there was
a dose-dependent increase in the pulmonary
vascular tone. When carbon monoxide was
eliminated, constriction was abolished. Not
only were the effects of carbon monoxide re-
versible, but the pulmonary vessels re-
sponded as well at the end of the experiment
as they did at the beginning to a bolus injec-
tion of 0.2 ug angiotensin II.

It was hypothesized that if specific oxygen
receptors are essential to initiate HPV, then
no constriction would occur if an adequate
oxygen tension (70 mm Hg) were main-
tained. However, if HPV is due to changes in
the saturation of metaloporphyrins, then
constriction would occur and the associated
ratio of carbon monoxide to oxygen would
indicate which system was the source of the
stimuli because the relative affinities of these
enzymes for oxygen and carbon monoxide
vary systematically. This property is conven-
iently expressed as the CO:O, ratio at which
50% of the function of the metalprotein is
inhibited and values have been reported
from a variety of cellular systems. For hemo-
globin (6, 7) and myoglobin (8), this occurs
at ratios much less than 0.1. For the cy-
tochrome P50 enzyme values of 0.5-1.5 are
observed (9), while for cytochrome oxidase,
the ratio is 5-15 (7, 10).

Previous studies in the isolated rat lung
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have shown that, with an oxygen tension of
70 mm Hg, the lungs do not constrict. This
level of oxygenation (carbon dioxide tension
35 mm Hg and pH 7.36) was maintained
throughout the whole experiment while the
intracellular metaloporphyrins were succes-
sively influenced by the varying concentra-
tion of carbon monoxide. The ratios of car-
bon monoxide to oxygen selected were those
which are known to preferentially bind to
specific metaloporphyrins. A CO:Q, ratio of
0.5:1 reduces the ability of hemoglobin and
myoglobin to take up oxygen. In this study, a
perfusate free of hemoglobin was used to
eliminate any influence hemoglobin might
have on the results.

A ratio of 1:1 inhibits most of the P45 en-
zymes. In studies undertaken by Sylvester et
al. (3), perfused isolated pig lungs were ven-
tilated with a gas mixture containing 11.5%
CO. This gave a CO:O; ratio of 0.9 and 1.5
during normoxic and hypoxic ventilation,
respectively, and, as in the present study,
they observed vasodilation of the vessels with
their low levels of CO which they attributed
to a desaturation of the lungs’ cytochrome
P4so. Some of the first studies undertaken by
Duke and Killick (11) in the 1950s in which
isolated cat lungs were ventilated with mix-
tures of CO of 1-20% in air also observed
vasodilation. The pH, however, in those
studies was alkalotic, which decreases the va-
soconstrictor response to hypoxia (12).
While they did state that adding CO, did not
affect the pulmonary artery pressure, the
paper does not provide details of the experi-
ment, so it is not possible to compare that
work with this. It is also to be expected that
vasodilation will be observed when vascular
smooth muscle is poisoned by exposure to
100% CO. Subsequent investigation of the
oxygen dependent function of some specific
cytochrome P,so-mediated reactions have
demonstrated that inhibition occurs only
when the oxygen tension is one or two orders
of magnitude less than that necessary to initi-
ate HPV (13, 14).

In the present study, constriction began
when the CO:0, ration was 2:1 and increased
progressively as the ratio was increased to 4:1
and 8.5:1. At these ratios, the cytochrome
oxidase of the electron transport chain is re-
duced. An hypothesis consistent with all
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HYPOTHESIZED RESPIRATORY CYTOCHROME

CO:02 RATIO
«————CYTOCHROME P450 ——> <—— RESPIRATORY CYTOCHROMES AND P450—>

FIG. 1. Pressure responses to increasing CO:O, ratios plotted on a semilogarithmic scale. The solid line
represents the observed values (solid circles), while the other two lines are theoretical lines derived from it
as follows. It is assumed that the initial dilation attributable to P4so is maximal at a CO:O, of | and
hereafter remains constant (dashed line). The constriction hypothesized to be due to reduction of respira-
tory cytochromes (semidashed line) is derived by subtracting the pressor response (dilatation) hypothe-
sized for P,so from the pressor response of the observed data at each CO:0,.

these observations (Fig. 1) is that lower levels
of carbon monoxide interfere with the Pssq
system and influence biosynthetic pathways
such as those of the prostaglandins or leuko-
trienes (10, 15), resulting in pulmonary va-
sodilation, while the higher ratios of carbon
monoxide act upon the cytochrome oxidase
a3 of the electron transport chain, resulting in
a decrease in the energy state of the cell. Oha
and associates (16) have suggested that, dur-
ing HPV, the increase in cytosolic Ca** may
be due to the cell’s inability to pump Ca®*
out, as if ATP synthesis becomes limiting,
resulting in a decreased Ca** ATPase activ-
ity. Rounds et al. (17) and Stanbrook and
McMurtry (18) have observed that the addi-
tion of glucose to the perfusate of hypoxically
stimulated rat lungs reduces the vaso-
constrictor response, suggesting that restora-
tion of ATP from anaerobic sources pre-
vents HPV,

In conclusion, these experiments are con-
sistent with the suggestion that HPV is initi-
ated by a reduction in the energy state of the

vascular smooth muscle and that stimulation
of a specific oxygen receptor is not necessary.

This work was supported in part by Grant GM 29628
from the National Institutes of Health.

1. Marshall C, Marshall B. Site and sensitivity for stim-
ulation of hypoxic pulmonary vasoconstriction. J
Appl Physiol: Respir Environ Exercise Physiol
55:711-716, 1983.

2. Fishman AP. Vasomotor regulation of the pulmo-
nary circulation. Annu Rev Physiol 42:211-220,
1980.

3. Sylvester JT, McCowan C. The effect of agents that
bind to cytochrome P,50 on hypoxic pulmonary va-
soconstriction. Circ Res 43:429-437, 1978.

4. Voelkel NF. Mechanisms of hypoxic pulmonary
vasoconstriction. Amer Rev Resp Dis 133:1186—
1195, 1986.

5. Marshall C. A method for perfusing and ventilating
rat lungs in vitro. Methods Findings Exp Clin Phar-
macol 6:281-285, 1984.

6. Rodkey FL, O’Neal JD, Collison HA, Uddin DE.
Relative affinity of hemoglobin S and hemoglobin A
for carbon monoxide and oxygen. Clin Chem
20:83-84, 1974.



286

7.

8.

10.

11

12.

13.

Warburg O. Heavy Metal Prosthetic Groups and
Enzyme Action. Oxford, Clarendon, p75, 1949.
Antonini E. Interrelationship between structure and
function in hemoglobin and myoglobin. Physiol
Rev 45:123-170, 1965.

. Cooper DY, Levin S, Narasimhulu S, Rosenthal O.

Photochemical action spectrum of the terminal oxi-
dence of mixed function oxidase systems. Science
147:400-402, 1965.

Coburn RF, Forman HJ. Carbon monoxide toxic-
ity. In: Farhi LE, Tenney SM, Eds. Handbook of
Physiology: The Respiratory System IV. Bethesda,
American Physiological Society, chap 21, p439,
1987.

Duke HN, Killick EM. Pulmonary vasomotor re-
sponses of isolated perfused cat lungs to anoxia. J
Physiol 117:303-316, 1952.

Marshall C, Lindgren L, Marshall BE. Metabolic
and respiratory hydrogen ion effects on hypoxic pul-
monary vasoconstriction. J Appl Physiol: Respir
Environ Exercise Physiol 57:545-550, 1984.

Fisher AB, lakura N, Dodia C, Thurman RG. Rela-
tionship between alveolar PO, and the rate of p-ni-
troanisole O-demethylation by the cytochrome P,s
pathway in isolated rabbit lungs. J Clin Invest
64:770-774, 1979.

. Knoblauch A, Sybert A, Brennan NJ, Sylvester JT,

18.

MECHANISM OF HPV

Gurtner GH. Effect of hypoxic and CO on a cy-
tochrome P,so-mediated reactions in rabbit lungs. J
Appl Physiol 51:1635-1642, 1981.

. Kusunose E, Masatoshi K, Yamamoto S, Ichihara

K, Kusunose M. Separation and characterization of
cyctochrome Py4s from rabbit colon microsomes. In:
Verecskey L, Magyar K, Eds. Biochemistry, Bio-
physics and Induction. New York, Elsevier, pp501-
504, 1985.

. Oha M, Mimata T, Haneda T, Takishima T. Time

course of pulmonary vasoconstriction with repeated
hypoxia and glucose depletion. Respir Physiol
63:177-186, 1986.

. Rounds SS, McMurtry IF, Reeves JT. Glucose me-

tabolism accelerates the decline of hypoxic pulmo-
nary vasoconstriction. Respir Physiol 44:239-249,
1981.

Stanbrook HS, McMurtry IF. Inhibition of glycoly-
sis potentiates hypoxic vasoconstriction in rat lungs.
J Appl Physiol: Respir Environ Exercise Physiol
55:1467-1473, 1983.

Received April 9, 1987. P.S.E.B.M. 1988, Vol. 187.
Accepted November 4, 1987.



