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Effects of Halothane, Enflurane, and Isoflurane on Hypoxic

Pulmonary Vasoconstriction in Rat Lungs In Vitro

Carol Marshall, Ph.D.,* Leena Lindgren, M.D.,t Bryan E. Marshall, M.D., F.R.C.P.t

Rat lungs were ventilated and perfused at a constant rate in vitro.
The maximal hypoxic pulmonary vasoconstrictor (HPV) response
was recorded by measuring the pulmonary artery pressure change
when the inspired oxygen concentration was changed from 21% to
3% (with 5.5% carbon dioxide) in the absence of anesthetic vapor.

In different experimental groups, the effects of halothane, en-
flurane, and isoflurane on HPV were examined. In random order
the anesthetics were added to the inspired gas in concentrations of
0.25, 0.5, 1, 1.5, and 2 or 2.5 MAC units, The HPV pressor response
to 3% oxygen in the presence of anesthetic agent was expressed as
a per cent of the pressure response observed in the absence of
anesthetic (R%MAX).

All three agents depressed HPV in a dose-related manner. The
concentrations in MAC units at which 50% depression of HPV
(EDjg) occurred was 0.47, 0.60, and 0.56 for halothane, isoflurane,
and enflurane, respectively, and neither the EDs, values nor the
slopes of these dose response curves were significantly different.

It was concluded that these halogenated general anesthetics inhibit
HPV with essentially the same potency. (Key words: Anesthetics,
volatile: enflurane; halothane; isoflurane. Hypoxia. Lung: blood
flow; vascular resistance.)

HYPOXIC PULMONARY VASOCONSTRICTION (HPV) is
a homeostatic mechanism maintaining blood arterial ox-
ygen tension. Abolition of HPV by anesthetic agents has
been suggested as a cause of hypoxemia during anes-
thesia.'* Farly studies demonstrated that inhalational
agents were inhibitory while injectable agents were not,**
Subsequent reports from in vivo studies have suggested
that this property of inhalational agents may differ mark-
edly, even among the commonly used halogenated
agents.”™®

In the present study, the effects of halothane, enflurane,
and isoflurane on HPV were compared when the lung
conditions were maintained constant in vitro.

Methods

The perfused and ventilated rat lung preparation has
been described previously’ and was modified after the
method of Hauge.'’ The procedure is summarized below.
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Adult, female, Wistar rats (334 + 9 g; mean =+ SE)
were anesthetized with 30 mg/kg pentobarbital, intra-
peritoneally. A tracheostomy was performed and the an-
imals mechanically ventilated. The chest was incised in
the midline and the ribs were retracted exposing the
heart and lungs. Heparin (200 1U) was injected into the
left ventricle. The right ventricle was incised and a T-
cannula secured in the pulmonary artery (PA). One inlet
to the T delivered perfusate to the lung while the other
was connected to a Statham® P 23 transducer to measure
the pulmonary artery pressure. Another catheter was in-
serted into the left ventricle allowing perfusate to return
to the reservoir. The lungs and heart were removed from
the chest cavity, and were suspended by the tracheal can-
nula, in a closed, humidified chamber. Perfusate flow was
increased to 0.06 ml-g™' body weight-min~' with the
mean pulmonary artery pressure at approximately 15-
20 cmH,O. Temperature probes were placed in the per-
fusate reservoir and the lung chamber.

For the perfusate, 50 ml of blood were obtained from
donor rats by means of cardiac puncture. To this was
added 1,000 IU of heparin and 10 mg oxycillin. The
blood was filtered through a Fenwal PDF-20 micropore
filter to remove microaggregates and small clots and was
combined with an equal amount of physiologic saline-
albumin solution (based on Hansen and Bohr'!). Previous
studies had demonstrated that this mixture consistently
provides reproducible HPV responses for periods of at
least four hours without formation of edema or deteri-
oration of the responses. The pH was measured contin-
uously and adjusted with sodium bicarbonate to maintain
a pH close to 7.35 units throughout the experiment.

The perfusate was circulated by a Harvard® peristaltic
pump from the reservoir to the pulmonary artery and
returned to the reservoir again by gravity with the outlet
of the left ventricle’s cannula 1 c¢m below the ventricle
so that the pressure in the left atrium was zero.

The rat lungs were ventilated with humidified, pre-
mixed gases by a Harvard rodent ventilator at a volume
of 180 ml/min. The expired gases passed through a mix-
ing chamber with 2 cmH,O of positive end-expiratory
pressure. The lungs therefore were ventilated at more
than 10 times the rate at which they were perfused so
that the perfusate oxygen tension had little effect on the
alveolar oxygen tension.

Inspired and expired gas samples were drawn through
oxygen (IL 407) and carbon dioxide (Goddart Capno-
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graph) analyzers and were returned to the appropriate
circuits. Constancy of the airway pressure, measured by
a Statham transducer, indicated absence of pulmonary
edema. Measurements were continuously recorded on a
six-channel Grass® Polygraph.

STUDY DESIGN

All gas mixtures identified below contained carbon
dioxide (Figo, = 0.055). The lungs were ventilated for
30 min with an Fig, of 0.21 to obtain a steady baseline
pulmonary artery pressure and were then exposed to an
hypoxic mixture (Flo, = 0.03) a number of times to ensure
an equal HPV responsiveness before continuing.

The 18 rat lung preparations were divided into three
groups, with one group receiving halothane, another en-
flurane, and the third isoflurane. MAC for the rat was
assumed to be 1.1% for halothane, 2.2% for enflurane,
and 1.4% for isoflurane.'® A Drager® vaporizer in the
gas delivery line was adjusted to deliver 0.25, 0.5, 1.0,
1.5, and 2 or 2.5 MAC concentrations of anesthetic, in
random order. The delivered concentrations were con-
tinuously monitored with a mass spectrometer (Perkin-
Elmer® MGA 1100).

Preliminary experiments demonstrated that equilibra-
tion of the anesthetic in the perfusate was obtained within
10 min. The lungs therefore were ventilated with the
normoxic gas mixture, containing the selected concen-
trations of anesthetic, for 10 min, the ventilatory gas was
then changed to the hypoxic (Flg, = 0.03) gas mixture
which contained the same concentration of anesthetic
vapor. The hypoxic stimulus was maintained for six min-
utes and the pulmonary artery pressure change, airway
pressure, and perfusate and inspired (alveolar) anesthetic
concentrations were measured. The normoxic gas, con-
taining a different concentration of anesthetic vapor, was
restored and the cycle of normoxic/hypoxic exposures
repeated for all the MAC concentrations of the agent.
The vaporizer was turned off and a final hypoxic response
measured after elimination of the anesthetic vapor. To
ensure equilibrium and to allow the measurement of the
perfusate gas solubility coefficient, during each sequence
one of the normoxic gas exposures was prolonged to 20
min and samples of perfusate were obtained at 10 and
20 min. The concentrations of anesthetic contained in
the perfusate were measured chromatographically and
the calculation of solubility and anesthetic partial pressure
followed the method of Butler et al.'?

The relationship between the response and anesthetic
dose was analyzed by regression analysis and the curves
compared by analysis of covariance. Other statistical tests
are identified in the text. The null hypothesis was rejected
for P < 0.05. The data are shown as mean # SE.
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Results

Lungs from 18 rats were tested. The general conditions
did not differ for the three inhalational agents and the
data therefore have been combined as follows: pH 7.36
+ 0.01; temperature = 36.6 + 0.1°C; perfusate hema-
tocrit = 18.5 * 0.6%; and mean airway pressure 3.7
+ 0.1 cmH,0.

The measurements of perfusate anesthetic partial
pressure at 10 and 20 min did not differ significantly
(paired ¢ test). The perfusate/gas solubility coefficients
for the anesthetic agents were 1.73 + 0.13 for halothane,
1.21 = 0.13 for enflurane, and 1.13 = 0.08 for isoflurane.
The pulmonary artery pressure response to the hypoxic
stimulus was maximal in the absence of anesthetic, and
the hypoxic responses in the presence of anesthetic were
expressed as a per cent of this maximum (R%MAX). The
individual responses with changing anesthetic partial
pressure in the perfusate are shown in figure 1, panels
“a”, for halothane isoflurane and for enflurane. Also
shown in figure 1, panels “‘b”, are the dose-response re-
lations calculated by linear regression utilizing Wagner’s
equation'* for sigmoid curves. The 95% population con-
fidence intervals are shown as dashed lines. The slopes
of these lines do not differ, but the partial pressure of
the anesthetics causing a 50% depression of the response
(EDsg) are 3.83 and 5.96 mmHg for halothane and is-
oflurane, respectively, and these are significantly (P
< 0.05) different from the 8.79 mmHg derived for en-
flurane.

However, in figure 2, these same curves are replotted
in sigmoid form after conversion of the abscissa from
partial pressure to MAC values. The EDj values in MAC
units are 0.47, 0.60, and 0.56 for halothane, isoflurane,
and enflurane, respectively, and neither the slopes nor
the EDgy MAC values differ significantly.

Discussion

This comparison of the effect of halothane, enflurane,
and isoflurane on HPV has demonstrated that all three
are inhibitory and when the doses are expressed in MAC
units, the dose-response curves are essentially the same
with an EDjq of approximately 0.5 MAC units. The effect
of the inhalational agents on HPV therefore parallels
their anesthetic potency and does not support the concept
that there are differences in their specific actions on HPV.

The sensitivity of the in vitro model to hypoxia and
anesthetic agents may differ from the in vivo situation,
but it is unlikely that the response in the rat is funda-
mentally different from that of other species.'® Previous
work with animal models in vive and in vitro generally
have demonstrated inhibition of HPV by inhalational
agents, while injectable agents have not had this effect.
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