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Halothane-Oxidant Interactions in the Ex Vivo

Perfused Rabbit Lung

Fluid Conductance and Eicosanoid Production

Jay R. Shayevitz, M.D.,* Kent J. Johnson, M.D.,t Paul R Knight, M.D., Ph.D.%

Background: The present studies were undertaken to deter-
mine the interactions between halothane and oxidative injury
with respect to endothelial integrity, as measured by pulmo-
nary capillary filtration coefficient (K.), and production of
arachidonic acid-derived mediators, in perfused rabbit lungs
challenged with the oxidant tert-butyl-hydroperoxide
(+bu-OOH).

Methods: Isolated lungs were prepared from 27 New Zealand
white rabbits (2-3 kg) and were perfused with Ca**-free Krebs-
Henseleit buffer solution. In group A (n = 9), lungs were ven-
tilated with halothane 2.5% in carrier gas (5% CO, in air); in
group B (n = 9), with carrier gas alone; and in group C (n=
9), with carrier gas, but without injury. The lungs in'the two
injury groups (A and B) received four infusions of £bu-OOH,
200 uM, over 1 min, directly into the pulmonary artery. The
uninjured lungs received four infusions of vehicle (normal
saline). K¢ was determined after each +-bu-OOH infusion. Con-
centrations of thromboxane B, (TxB,) and 6-keto-prostaglan-
din F,, were measured in samples of effluent perfusate obtained
before and 30 s after the end of each infusion of £bu-OOH.
The wet/dry weight ratio of each pair of lungs was determined
at the end of each experiment.

Results: K. progressively increased after each infusion of
oxidant in group A when compared with the other two groups.
Lung wet/dry ratios were elevated in group A (14.3 + 0.7) and
group B (13.2 + 0.2) compared with group C (12.1 £ 1.1). TxB,
production in group A (2206 * 263 pg-min~'.g™* dry lung
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tissue) was greater than in group B (1413 * 127) by the final
infusion of +bu-OOH.

Conclusions: Ex vivo perfused rabbit lungs ventilated with
halothane exhibited, simultaneously, evidence of greater fluid
conductance across the pulmonary capillary bed and produc-
tion of thromboxane A; when challenged with oxidant than
did lungs ventilated with carrier gas. Both of these effects may
be mediated by halothane-related enhancement of intracel-
lular endothelial Ca** mobilization stimulated by intrapul-
monary infusion of oxidant. (Key words: Anesthetics, volatile:
halothane. Lung metabolism. Prostaglandins: 6-keto-prosta-
glandin F,,; thromboxane B,. Respiratory distress syndrome,
adult. Species: rabbit.)

VOLATILE anesthetics may modulate the intensity of
lung inflammatory injury of both infectious and non-
infectious origins. Recent studies have demonstrated:
(1) decreased pulmonary vascular endothelial resis-
tance to injury by activated neutrophils in the presence
of halothane and isoflurane,' (2) increased alveolar-
capillary permeability after acid aspiration lung injury
in rats exposed to halothane or isoflurane,? and 3)
altered lung pathology in mice infected with influenza
Avirus and exposed to either halothane or isoflurane.?
Inhalation anesthetics also enhance the pressor effect
of the organic oxidant tert-butyl-hydroperoxide (t-bu-
OOH) in the ex vivo perfused rabbit lung.* The en-
hanced pressor response is accompanied by augmented
recovery of thromboxane A, (TxA;) from pulmonary
venous effluent after challenge with #bu-OOH. This
effect may occur because the highly lipid-soluble in-
halational anesthetic agents displace cell membrane
phospholipids, making them more available for hydro-
lysis.” Arachidonic acid metabolites may act as markers
of lung injury and may aid in lung adaptation to in-
jury.®” Substances that inhibit the production of ara-
chidonic acid metabolites or inhibit activation of ara-
chidonic acid metabolic pathways may result in mod-
ulation of physiologic lung responses to injury or
perturbation,®'" yet the contribution of arachidonate
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metabolites to the process of injury itself remains un-
clear and varies from species to species.”

Infusion of #-bu-OOH into the ex vivo perfused lung
induces diffuse injury and, subsequently, high per-
meability pulmonary edema in an experimental model
of adult respiratory distress syndrome.*'? The oxidant
t-bu-OOH may produce injury by initiation of lipid
peroxidation chain reactions within cell membranes.'3
Although readily scavenged by glutathione peroxidase,
t-bu-OOH is highly lipid-soluble and may interact in
the hydrophobic regions of cell membranes with Fe?*
and Fe** complexes to initiate lipid peroxidation and
fatty acid chain lengthening and branching.’® Such ox-
idant-mediated alterations in membrane lipid structure
eventually may change membrane properties, such as
fluidity, or the functions of proteins, such as receptors
and ion channels, which are intercalated in the mem-
brane structure and usually act as lipid chain inter-
rupters, helping to maintain membrane fluidity.'?

Because of the previously demonstrated interactions
between inhalational anesthetics and lung inflammatory
injury,'* we undertook the following experiments to
determine whether halothane will change the suscep-
tibility of the alveolar capillary barrier in the ex vivo
perfused lung to injury by #-bu-OOH. This effect was
measured by calculating the pulmonary capillary fil-
tration coefficient (Kg.), a measure of the relative rate
of fluid conductance across the microvascular bed.'
The biochemical interaction between #-bu-OOH ad-
ministration and halothane was detected by measure-
ment of metabolites of the eicosanoid mediators TxA,
and prostacyclin in effluent perfusate.

Materials and Methods

Preparation of the Isolated Perfused Rabbit Lung

Appropriate approval was obtained from institutional
animal use committees for the experimental proce-
dures. Male New Zealand white rabbits weighing 2-3
kg (Langshaw Rabbitry, Grand Rapids, MI) were main-
tained on Carnation Family Rabbit Chow (St. Louis,
MO) and allowed water ad libitum. On the day of the
experiment, a marginal ear vein was cannulated and
1,000 U/kg heparin was administered. Anesthesia was

§ Shayevitz JR, Wade DD: Halothane and thiopental attenuate ox-
idant-induced pulmonary hypertension and edema formation in the
isolated perfused rabbit lung (abstract). ANEsTHESIOLOGY 69:A855,
1988.
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induced with 10 mg/kg ketamine and 2-3 mg/kg xy-
lazine, administered intravenously.

A small left thoracotomy was made and the rabbit was
exsanguinated by withdrawal of blood from the left
and right ventricles, after which the chest was opened
widely by means of a right thoracotomy and a midline
incision with removal of the sternum. A tracheotomy
was performed, and a stainless steel cannula was se-
cured in the trachea with umbilical tape. Stainless steel
cannulas were secured in the pulmonary artery, through
a right ventriculostomy, and in the left atrium. The
umbilical tape securing the pulmonary artery also in-
cluded the aorta, thus eliminating flow through the
bronchial circulation.

The lungs were ventilated with a mixture of 5% CO,
in air (carrier gas), at a frequency of 20 breaths/min
and a peak inspiratory pressure of 10-12 mmHg, with
1-2 mmHg positive end-expiratory pressure. After ini-
tiation of ventilation, the lungs were perfused with ap-
proximately 200 ml Ca**-free Krebs-Henseleit buffer
solution (118 mm NaCl, 4.7 mm KCI, 1.2 mm MgSOy,
1.2 mm NaH,PO4, 25 mm NaHCO;, 11.1 mm glucose,
and 4 mMm ethylene glycol bis(8-aminoethylether)
N,N,N',N'-tetraacetic acid [EGTA]; pH adjusted to 7.4)
at 35 ml/min with a roller pump (Sarns, Ann Arbor,
MI) to clear the lungs of blood, followed by continuous
perfusion with the same buffer in a recirculating fash-
ion, also at 35 ml/min. This procedure reduced the
perfusate hemoglobin concentration to levels unde-
tectable using a hemoximeter (Model OSM3, Radi-
ometer, Copenhagen, Denmark). The relatively low
initial flow rate of 35 ml/min was chosen for the current
experiments because this rate was used successfully in
other experiments employing the same mode].8-10:12
In earlier experiments using this methodology and
protocol, the lungs were perfused with buffer contain-
ing 2.5 mm Ca** and no EGTA.§ Attenuation of the
pulmonary arterial pressor response to infusion of ¢
bu-OOH occurred in lungs ventilated with halothane
relative to lungs ventilated with carrier gas. Ky did not
increase in lungs in the former group compared with
lungs in the latter group. We speculated that, in these
previous experiments, the attenuation of oxidant-in-
duced pressor response by halothane protected the
lungs against edema formation. The Ca**-free perfusate
used in the present experiments completely eliminated
the oxidant-mediated pressor response, thus removing
this confounding hemodynamic variable. The perfusate
was recirculated through a pulmonary venous reservoir
suspended from a strain gauge (Grass model FT-10,
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Quincy, MA). The perfusate in the reservoir was bub-
bled gently with the same gas mixture used to ventilate
the lungs, and the reservoir itself was covered with a
snugly-fitting lid. The following values were recorded
on a Gould 26008 polygraph (Cleveland, OH): pul-
monary artery pressure (Pp,), pulmonary venous pres-
sure (P,), proximal airway pressure (P.w), and pul-
monary venous reservoir weight (W), which is a mea-
sure of lung water uptake. Perfusate temperature was
maintained between 36° and 38° C by means of a
heated water bath (fig. 1). P, was initially maintained
at —5 mmHg by adjusting the height of the pulmonary
Venous reservoir.

Experimental Protocol

Twenty-seven animals were used in these studies. At
the end of a 20-30 min equilibration period when |
had stabilized, the perfusate flow rate was increased to
105 ml/min and P, raised to +5 mmHg.!* This flow
rate (35 ml/kg/min) was chosen because (given the
constraints of maximum pump rotor head speed and
tubing size) tripling the baseline flow rate ensured an
adequate and consistent P, difference. Matalon and
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Fig. 1. Diagram of the isolated perfused rabbit lung model used
in these experiments. P,,, = proximal airway pressure; Py, =
pulmonary artery pressure; Py, = pulmonary venous pressure;
W, = reservoir weight; PEEP = positive end-expiratory pres-
sure. Perfusate circulates through the pulmonary vasculature
by means of a roller pump (pump). Perfusate temperature
(temp) is monitored at the pulmonary artery, and maintained
at 36-38° C by means of a heated water bath (H,0 bath). A
pulmonary venous reservoir (perfusate reservoir) suspended
from a strain gauge acts as a monitor of lung water uptake.
An in-line halothane vaporizer (halothane) is used to admin-
ister volatile anesthetic when appropriate.
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Cesar (whose model ours imitates to some degree) used
a flow rate approximately 20% higher during measure-
ments of Ky, which was, however, only twice their
baseline flow.'¢ At P,,, at which the lungs were venti-
lated, the mean P,, was 3-4 mmHg (as noted on the
chart recorder). Thus mean P, was greater than mean
P.w, creating a zone 3 configuration, in which flow is
independent of alveolar pressure. This P, also pro-
duced, at least for the baseline recordings, a constant
rate of fluid loss from the pulmonary venous reservoir.
The W, was recorded for 3 min, after which the flow
was reduced to 35 ml/min until Py, stabilized (usually
30 s). Subsequently, P, was readjusted to —5 mmHg.
A sample of perfusate was then withdrawn from the
venous effluent and an infusion of #-bu-OOH was begun
directly into the pulmonary artery at a final perfusate
concentration of 200 uM for 1 min. Another sample of
venous effluent was obtained 30 s after the #-bu-OOH
infusion was st.pped. We obtained perfusate samples
at this time because earlier experiments demonstrated
peak recovery of mediators from the pulmonary venous
effluent approximately 30 s after cessation of the oxi-
dant infusion.'? These maneuvers were repeated three
more times over the course of the experiment, with
approximately 15 min elapsing between #bu-OOH in-
fusions. Previous experiments had shown that P, sta-
bilized 5-7 min after the end of each #bu-OOH infu-
sion.*'*'? In no instance was P,, changed by -bu-OOH
in Ca**-free perfusate. Just before the second increase
in flow and Py, simultaneous perfusate samples from
the arterial inflow and the venous effluent were ob-
tained from each experimental preparation for deter-
mination of pH, partial pressure of oxygen, and carbon
dioxide tension with a Radiometer model ABL2 blood
gas laboratory (Copenhagen, Denmark).

Lungs were treated in three ways. In group A (n =
9), lungs were ventilated with 2.5% halothane in carrier
gas throughout the experiment, by means of a cali-
brated vaporizer (Fluotec Mark II, Cyprane, Keighley,
England) filled with commercially available liquid
halothane; in group B (n = 9), lungs were ventilated
with carrier gas alone; and in group C (n = 9), lungs
were ventilated with carrier gas alone and received in-
fusions of vehicle (normal saline) rather than #-bu-
OOH. The latter group formed the time controls for
this series of experiments. Inspired halothane concen-
trations were confirmed with an infrared absorption
gas analyzer (Traverse Medical Monitors, Traverse City,
MI). All groups were treated concurrently but in se-
quence.
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At the end of the perfusion, the lungs were dissected
from the thoracic cavity en bloc, and the trachea was
excised 2-3 mm above the carina. After connective
tissue and fat were removed, the lungs were weighed
wet, dried to a constant weight (36-72 h) at 60-80°
C, and reweighed. After each infusion of -bu-OOH, K.
was calculated using the method described by Matalon
and Nickerson,'® with the following formula:

Kr(mL+ min+-mmHg- 100 g dry tissue)

AW, 1.3
AP i
={——>——]. 100,
Dry lung weight

where AW, is the change in reservoir weight over the
final minute of the 3-min period of elevated P, APy, is
the difference in P, when the flow is 105 ml/min and
then subsequently lowered to 35 ml/min; and 1.3 is
the assumed ratio of pulmonary arterial to capillary
pressure. The units of K. indicate that this coefficient
expresses a rate of lung water uptake relative to an
approximation of intracapillary hydrostatic pressure
present at the time of measurement.

Mediator Assays

Concentrations of thromboxane B, (TxB;), the stable
metabolite of TxA;, and 6-keto-prostaglandin F,, (6-
keto-PGF,,), the stable hydrolysis product of prosta-
cyclin, were determined in the samples of venous ef-
fluent by means of radioimmunoassays performed by
the Michigan Diabetes Research and Training Center
(University of Michigan, Ann Arbor, MI). The assay for
TxB,'” employs a tritiated tracer (DuPont-New England
Nuclear, Wilmington, DE), a rabbit-derived anti-TxB,
antibody (Upjohn Company, Kalamazoo, MI), and dex-
tran-coated charcoal for separation. The limit of sen-
sitivity for the assay is 5 pg/ml. Interassay and intraassay
variabilities are 8.0% and 2.8%, respectively. The
crossreactivity of the anti-TxB, antibody is 1.5% for
PGD; and less than 0.6% for all other relevant cycloox-
ygenase-derived arachidonic acid metabolites. The as-
say for 6-keto-PGFy, (code RPA.515, Amersham Cor-
poration, Arlington Heights, IL) employs a magnetic
double-antibody technique, in which 6-keto-PGF,,-
['**I}-iodotyrosine is used as the tracer. A rabbit-derived
anti-6-keto-PGF,, antibody is the first antibody; and a
donkey anti-rabbit serum second antibody, coated onto
magnetizable polymer particles, is used for separation
of free and bound.ligand. The sensitivity limit of this
assay is 15 pg/ml, and interassay and intraassay varia-
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bilities are 18.7% and 3.3%, respectively. Crossreac-
tivity of the first antibody is 1% or less for prostaglandin
F4, prostaglandin E;, prostaglandin F,,, prostaglandin
E,, and TxB,. The rates of production of TxB, and 6-
keto-PGF,,, were calculated as follows:

Rate of production (pg-min~'-g™" dry tissue)

_ (mediator,o, — mediator,,,) * 35
Dry lung weight

where mediator,e, and mediator,,.. represent the me-
diator concentration (pg/ml) after and before t-bu-
OOH infusion, and 35 is the perfusate flow rate (ml/
min) at the time the samples were obtained.

Statistical Analysis

All data are expressed as mean =+ SE. Analysis of vari-
ance was used to compare groups. Scheffé’s or Dunnet’s
test was used for post hoc comparisons where appro-
priate. When a = 95% (P < 0.05), differences between
groups were considered significant.

Results

No P,,, elevation was seen during perfusion with Ca**-
free buffer, as demonstrated by a sample of a trace from
a representative experiment, in which the lungs were
injured with #-bu-OOH (fig. 2b). This trace is contrasted
with one obtained from a representative experiment
performed with Krebs-Henseleit buffer solution con-
taining 2.5 mm Ca?*, in which a marked transient ele-
vation in Py, is evident accompanying infusion of oxi-
dant (fig. 2a). Baseline Pp, was similar in all groups of
lungs, as was P, just before each of the four infusions
of oxidant. Table 1 lists the values for Pp, during zone
3 conditions after each infusion of #bu-OOH, when P,
and perfusate flow rate were elevated for determination
of Kg. All values were similar, and the presence of
halothane had no effect.

Figure 3 is a plot of the mean percent change in K,
over the #bu-OOH infusion number for the treatment
groups (injury plus halothane, injury plus carrier gas,
and no injury plus carrier gas). Table 2 gives the ab-
solute values for the mean K. obtained for all four in-
fusions of #-bu-OOH in the three treatment groups. Ky,
increased in a linear fashion over the course of the
experiment in group A. In groups B and C, K. increased
as well, but not to the degree seen in group A lungs. A
statistically significant enhancement of K. is seen in
group A lungs compared with group B and C lungs.
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Fig. 2. Sample traces from representative experiments in which
lungs were perfused with 2.5 mm Ca?* (4) or Ca**-free buffer
(B). On, off = onset, offset of +-bu-O0H infusion, respectively.
At no time was there a significant change in P,, in the lungs
perfused with Ca**-free Krebs-Henseleit buffer solution.

Although the ratio of wet to dry weight was greater in
group A (14.3 * 0.7) than in group C (12.1 = 1.1, P
< 0.05) lungs, no difference was apparent between
group B (13.2 + 0.2) and group C.

In all lungs, little thromboxane was found in the pul-
monary venous effluent in the basal state before injury

500 [
Q [ [] Halothane, 2.5%
-_8 400 | /A Carrier Gas
& [ O Uninjured *
L 300
£ X
£ wl - 0
© 200
N !
< 100 | é é
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Fig. 3. Graph of percent change in K, from baseline versus ¢-
bu-OOH infusion number, expressed as time. The difference
between the two groups of lungs ventilated with carrier gas
was not statistically significant. *Different from the injured
and uninjured groups of lungs ventilated with carrier gas (P
< 0.03). Vertical bars represent standard error of the mean.

(6.5 + 2 pg/ml). 6-Keto-PGF,, was present in the pul-
monary venous effluent at concentrations more than 30
times those of TxB; in the basal state before injury (227
+ 19 pg/ml). As can be seen in figure 4, the ratio of
the perfusate concentration of TxB, to that of 6-keto-
PGF,, increased after each infusion of £bu-OOH in the
injured lungs. No difference in TxB,/6-keto-PGF,, be-
tween group A and B lungs was detected, although the
ratio was greater in groups A and B than in group C
lungs (P < 0.001) after each oxidant infusion. The
mean rate of production of 6-keto-PGF,, was greater
in group A than in group C lungs (P < 0.011 for each
comparison); however, no difference in 6-keto-PGF,,
production was detectable between the lungs in groups
Aand B or Band C (fig. 5a). The mean rate of produc-
tion of TxB, (fig. 5b) was greater in group A lungs
compared with group B lungs (P < 0.02) after the last

Table 1. Pulmonary Artery Pressure (P;.) during the High-flow and Pulmonary Venous Pressure State (Zone 3) Used to

Determine Pulmonary Vascular Filtration Coefficient

Treatment Baseline Infusion 1

Infusion 2 Infusion 3 Infusion 4
2.5% halothane 7.6 0.2 7.3+0.3 76+03 7602 8.5+02
Carrier gas 7.7+05 7.8+0.5 8.0+0.6 8005 7.8+0.6
No injury 89+1.0 82=+1.0 8.0+1.0 8.9+1.0 9.8+1.0

Values are mean + SE for Py, (mmHg). Data were obtained during each of the five zone 3 periods during which flow and pulmonary venous pressure were Increased.
Baseline values are those obtained during the equilibration period; Infusion 1 values, after the first oxidant infusion; Infusion 2 values, after the second oxidant
infusion; and so on. By analysis of variance, no significant differences among groups occurred over the course of the protocol, Neither halothane nor successive
infusions of tert-butyl-hydroperoxide have an effect on pulmonary vascular resistance or, therefore, vascular cross-sectional area, In this model.

Anesthesiology, V 79, No 1, Jul 1993
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Table 2. Pulmonary Vascular Filtration Coefficient (K¢) for the Three Treatment Groups

Treatment

Preinjury Infusion 1 Infusion 2 Infusion 3 Infusion 4
2.5% halothane 389x 741 436+ 44 72.0+12.9 98.5 + 18.8 1414 £27.2
Carrier gas 43.8 £ 12.0 68.6 = 13.4 58.1 +10.2 675+ 7.0 68.0+ 5.6
No injury 326+ 79 371+ 89 443 £ 9.1 529+ 114 63.9 + 16.0

Values are mean =+ SE for Ki., expressed in ml-min~'. mmHg' . 100 g dry tissue for the three treatment groups in relation to the tert-butyl-hydroperoxide infusion
number. Preinjury represents the baseline value for K;,. Note the consistently greater value for Ky in the injured lungs ventilated with halothane compared with the
other two groups of lungs. Although the K. In the halothane group is greater (P < 0.05) than the preinjury value after the final three oxidant infustons, the difference
between the halothane group and the injured carrier gas group does not reach statistical significance untll after the final oxidant infusion (P < 0.03). Also, the
increase In K. in the carrier gas and no injury groups after infusion of oxidant or vehicle, respectively, was not significantly greater than baseline.

two infusions of #-bu-OOH. Lung production of TxB,
(but not of 6-keto-PGF,“) increased with each infusion
of oxidant in both group A (P = 0.033) and group B
(P =0.002).

Discussion

We performed these experiments to determine
whether, in oxidant-injured lungs, halothane influences
an indicator of lung fluid conductance, Ky (a physio-
logic effect), and production of arachidonate-derived
mediators by the lung (a biochemical effect), when the
lungs are challenged repeatedly by an oxidant, z-bu-
OOH. We hypothesize no cause-effect relationship be-
tween these two processes: the relationship between
arachidonate-derived mediator production and lung
injury has not been demonstrated consistently from
species to species. We propose, however, that events
common to the maintenance of the integrity of the en-
dothelial barrier and to turnover of arachidonic acid
may be affected by halothane and suggest possible tar-
gets for this halothane effect. Our findings demonstrate

040 ' O Halothane 2.5% plus injury (n=7)
0.35 - Carrier Gas plus Injury (n=8)
3 - W Uninjured (n=7)
L 0.30 |
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F o005 |
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that injured, isolated lungs perfused with blood- and
Ca**-free buffer exhibit a greater increase in Kq while
being ventilated with 2.5% halothane in carrier gas than
with carrier gas alone. The higher K. in injured lungs
ventilated with halothane is accompanied by a more
rapid turnover of arachidonic acid in the presence of
halothane plus injury than in injury alone upon infusion
of r-bu-OOH.

The results of earlier studies using #-bu-OOH-injured
perfused rabbit lungs suggest that the transient pul-
monary arterial hypertension induced by the oxidant
is mediated by TxA;. When the lungs are perfused with
inhibitors of phospholipase A,,'® cyclooxygenase,'? or
thromboxane synthetase,'® the pressor response to ¢-
bu-OOH is attenuated, suggesting that inhibition of
TxA, release prevents the pressor response to oxidant.
Similarly, when the thromboxane analog U46619 is
infused, a transient elevation in Py, is obtained.!® The
pressor response appears to depend on extracellular
calcium primarily, because perfusion of the lungs with
nominally calcium-free perfusate also results in atten-
uation of the pressor response.'® On the other hand,

Fig. 4. Plot of the ratio of TxB, to 6-keto-
PGF,, for each infusion of #bu-OOH, ex-
pressed as time. As previously reported,*
infusion of +bu-OOH into the pulmonary
artery is associated with marked en-
hancement of the recovery of TxB, from
the effluent perfusate relative to 6-keto-
PGF,,. Vertical lines represent standard
error of the mean.,
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Fig. 5. Plots of the peak rates of production (mean
pg - min~'-g™ dry lung tissue * SE) of G-keto-PGF,, (4) and
TxB; (B) during infusion of #bu-OOH into the pulmonary ar-
tery of the perfused rabbit lung. Vertical bars represent stan-
dard error of the mean. Overall, production of TxB, was sta-
tistically greater in the injured lungs ventilated with halothane
than in either of the other groups of lungs (P < 0.02). A sig-
nificant difference was seen by the final infusion of +bu-OOH
between injured lungs ventilated with halothane and those
ventilated with carrier gas (P < 0.02). Although production
of 6-keto-PGF,, was consistently greater in the injured lungs
ventilated with halothane, this difference never reached sta-
tistical significance, because of the variability within groups,

the turnover of arachidonic acid in response to #bu-
OOH may depend on mobilization of intracellular cal-
cium, as seen in cultured bovine pulmonary vascular
endothelium® and in perfused lungs,'° in which ar-
achidonate mediator production occurred during ox-
idant treatment despite the lack of extracellular cal-
cium. Thus, in the absence of extracellular calcium,
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the stimulus (infusion of #-bu-OOH) is uncoupled from
the response (transient pulmonary hypertension). Al-
though perfusion of the lungs with Ca**-free buffer may
alter other physiologic responses to halothane, pro-
cesses dependent on mobilization of intracellular Ca?*
may remain unaffected.

The present experiments and others provide evidence
for an interaction between halothane and #-bu-OOH-
stimulated arachidonate-derived mediator production.
Volatile anesthetics enhance the pressor response to
infused #-bu-OOH concomitant with augmented recov-
ery of TxB, from the effluent perfusate.” Similarly, the
results of the present studies indicate further that higher
rates of production of TxB, (a stable metabolite of TxA,,
which has vasoconstrictor and thrombogenic proper-
ties) and 6-keto-PGF,, (the stable metabolite of pros-
tacyclin, which has vasodilator and antithrombogenic
properties) occur during infusion of #bu-OOH in
halothane-treated lungs relative to the lungs in the other
treatment groups. Simultaneously, however, the ratio
of the absolute TxB, to 6-keto-PGF,, concentrations in
the pulmonary venous effluent remains similar in the
two groups of injured lungs. To achieve higher rates
of mediator production while concentration ratios re-
main unchanged, injured lung tissue must release
greater amounts of free arachidonate when ventilated
with halothane in carrier gas than when ventilated with
carrier gas alone.

The turnover of arachidonic acid requires phospho-
lipase Az, which is dependent for activity on the free
intracellular Ca** ([Ca**],) concentration. T-bu-OOH
treatment of cultured bovine pulmonary artery endo-
thelial cells stimulates phospholipase A, activity and
TxB, production, even if the extracellular buffer is
nominally Ca**-free.?® Oxidant-stimulated arachidonic
acid turnover and metabolism and intracellular calcium
mobilization are well documented phenomena. Ex-
ogenously administered hydrogen peroxide has been
shown to stimulate release of endothelial cell-derived
arachidonic acid.?' Similarly, Taylor et al. have dem-
onstrated that low concentrations of hydroperoxides
(such as #bu-OOH) stimulate release of prostacyclin
from fibroblasts.** Hydrogen peroxide increases [Ca®*),
primarily by stimulating release of Ca?* from internal
stores,?*** most likely via phospholipase C-mediated
phosphatidylinositol hydrolysis; and subsequent re-
lease of inositol triphosphate. Similar mechanisms may
apply to the hydroperoxides, such as t-bu-OOH, al-

though phospholipase C may not be involved in the #
bu-OOH effect.'?:?4

20z Iy 0} uo }sanb Aq 4pd'61000-00020£661-2¥S0000/6019ZE/6Z |/1/6.L/3Pd-8[o11E/ABO|0ISBUISBUR/WOD" IBYDISA|IS ZBSE]/:dRY WOl PapEOjUMOQ



136

SHAYEVITZ, JOHNSON, AND KNIGHT

In single rat pulmonary artery endothelial cells, halo-
thane and isoflurane enhanced the release of seques-
tered intracellular Ca** associated with peroxide in-
jury.| Thus, if phospholipase A, activation is Ca**-de-
pendent, then it is conceivable that more of this
phospholipase is activated in the presence of halothane
than in the presence of carrier gas alone. These con-
siderations may account for the augmented production
of TxB; in lungs injured with #bu-OOH after equili-
bration with halothane. We were not as successful in
detecting significant changes in production of 6-keto-
PGF,,, primarily because of the larger intragroup vari-
ability in 6-keto-PGF,, determinations.

The present study also suggests an interaction be-
tween halothane and oxidant on decreasing the integ-
rity of the alveolar-capillary barrier in the lung. In
recent in vitro experiments, we reported increased
sensitivity of halothane-exposed endothelial cell
monolayers to injury mediated by stimulated neutro-
phils.! This enhanced injury was not accompanied by
a change in the rate of production of hydrogen peroxide
by the neutrophils. Similar but less consistent results
were observed in monolayers injured with reagent hy-
drogen peroxide, especially at the highest concentra-
tion of halothane studied (2.5%). The present data also
demonstrate that, in perfused lungs, an index of the
fluid conductance of the pulmonary vascular bed, K,
is increased in injured lungs ventilated with halothane
but not significantly in injured lungs ventilated with
carrier gas alone, relative to control, uninjured lungs.
Although the increase in Ky, in halothane-treated lungs
did not achieve statistical significance when compared
with injured lungs ventilated with carrier gas alone un-
til after the fourth and final infusion of oxidant, K
increases with each #-bu-OOH infusion in the former
group (P = 0.0004) but not in the latter. We hypoth-
esize that the pulmonary vascular endothelium is a
likely target of halothane in increasing this injury index,
because (1) in in vitro studies, endothelial monolayer
injury enhancement occurred regardless whether neu-
trophils were present, in the presence of halothane;
(2) the ex vivo lungs were perfused with clear buffer,
containing few blood cells (hemoglobin concentration
was too low to be detected by hemoximeter), thus de-
creasing the possibility that blood-borne inflammatory

| Shayevitz JR, Varani J, Knight PR: Modulation of intracellular
calcium fluxes in oxidant-injured endothelial cells by halothane and
isoflurane (abstract). ANESTHESIOLOGY 73:A341, 1990,
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cells contributed to this effect; and (3) microvascular
endothelial disruption must occur (due to an increase
in capillary ‘‘pore’’ size or number) for fluid movement
to occur, such as evidenced by the change in K. In
using this isolated lung model, we make certain as-
sumptions about alveolar-capillary membrane charac-
teristics that affect Kg.: (1) the viscosity of the perfusate
is assumed to remain constant, (2) the thickness of the
capillary wall is assumed not to change after the initial
period of equilibration, and (3) the surface area of the
perfused capillary bed also is assumed to remain con-
stant and similar among the three treatment groups be-
cause, as noted previously (table 1), no differences in
perfusion pressure under baseline or zone 3 conditions
occurred among the three groups.

We acknowledge that the response of the lung as a
whole to oxidant may be altered in the presence of

‘nominally Ca**-free perfusate. Indeed, endothelial cell

monolayers bathed in 100 nm Ca®** buffer exhibit al-
terations in shape, marked by rounding and loss of
spreading, compared to cells bathed in 1.8 mm Ca?*
buffer.|| Thus, in nominally Ca**-free perfusate, lungs
may exhibit enhanced fluid transfer from the intravas-
cular to the extravascular space because of diminished
cell-cell contact and enlargement of pore size.?* These
considerations partially may explain the 10-fold greater
K seen in our experimental preparation, compared to
that noted by Matalon and Cesar in rabbit lungs perfused
with colloid-containing physiologic buffer.'® Another
difference between our experimental preparation and
that described by Matalon and Cesar, which may par-
tially contribute to the greater Ky in our model, is the
absence of colloid in the perfusate used in our exper-
iments.25~We attempted to perfuse lungs with colloid
(bovine serum albumin)-containing buffer in devel-
opmental stages of the model, but were unable to obtain
a stable system.

Although we detected differences in Ky among the
three groups of lungs, our data for lung wet/dry ratios
did not show parallel changes consistently. The mean
wet/dry ratio in the uninjured lungs was less than in
either of the other two groups, but there was no dif-
ference between the two groups of injured lungs. The
lack of agreement between these two methods of quan-
tifying lung injury implies that the wet/dry ratio and
K. are neither directly nor simply related. The wet/
dry ratio represents a static determination of the ac-
cumulation of fluid throughout the lung, not only in
the interstitium but also in the alveolar space. In prin-
ciple, Ky, as described by Taylor and Townsley, is “‘a
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permeability parameter describing the volume-flow
characteristics of the capillary wall.”'* Ky, directly de-
pends on the number of holes present in this wall, the
size of the holes, and the surface area available for fluid
exchange. Thus, a few large holes in lungs with a given
capillary surface area may not have as great an effect
on K;. as many smaller leaks across the same size sur-
face. Lung wet/dry weight ratio, however, may change
the same amount under these different conditions, es-
pecially if the capillary surface area remains un-
changed.¥ Thus, the discrepancy between the data for
wet/dry weight ratio and K. may reflect a difference
in the quality of injury between the two groups of in-
jured lungs, if we assume no effect of halothane on the
volume-flow characteristics of the microvascular bed. '
Halothane, perhaps by increasing the sensitivity of a
broader spectrum of microvascular endothelium to the
injury incurred by #-bu-OOH (as indicated by our in
vitro results‘), may affect the distribution of oxidant-
mediated injury. In lungs ventilated with carrier gas
alone, injury may occur in limited, localized regions,
thus creating a few larger holes. Injury in lungs ven-
tilated with halothane may be more diffuse and severe
than injury in carrier gas-ventilated lungs, thus creating
a larger number of smaller holes. In addition, ventila-
tion with halothane may act to increase the vascular
capacitance of the isolated lung, which also may be
reflected as a higher Ki; but this is arguable for several
reasons: (1) the baseline and zone 3 Py, in all groups
of lungs were similar; (2) the preinjury K in the three
groups of lungs was the same; (3) the reactivity of the
pulmonary vasculature in response to numerous stimuli
in lungs perfused with Ca®*-free buffer is markedly at-
tenuated, if not completely eliminated'®; and (4) with
the change in venous pressure and flow used to measure
K., the effect of increased vascular capacitance on lung
perfusate uptake is short-lived, usually lasting not
longer than the first 30 s after these parameters are
changed. !>

The augmented TxB, production and simultaneous
injury enhancement in halothane-exposed lungs may
be related to an effect of halothane on peroxide-me-
diated mobilization of intracellular Ca**. In several cell
lines (both endothelial and epithelial) known to form
tight junctions, exposure to oxidants has been shown
to induce cell contraction and separation of tight junc-
tions and an increase in electrical conductance across
cell monolayers.?*-* This effect is accompanied by
disruption of the F-actin cytoskeleton,?® mobilization
of intracellular Ca**,?” and a decrease in intracellular
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ATP levels.?’~%® Cytoskeletal disruption with resultant
loss of tight junctions (and increased permeability of
monolayers) may be mediated by oxidant-stimulated
intracellular Ca®" mobilization.?**” Thus, by promoting
intracellular Ca** mobilization in oxidant-injured en-
dothelium, | halothane may contribute to the enhance-
ment of permeability (Kg) simultaneous with stimu-
lation of arachidonic acid turnover in the perfused
lungs described in the present experiments.

Ex vivo perfused rabbit lungs ventilated with halo-
thane simultaneously exhibited evidence of greater
fluid conductance across the pulmonary capillary bed
and production of TxA; when challenged with organic
oxidant than did lungs ventilated with carrier gas. Both
of these effects may be mediated by halothane-related
enhancement of intracellular endothelial Ca%* mobi-
lization stimulated by intrapulmonary infusion of ox-
idant. These effects of halothane in perfused lungs may
broaden our understanding of volatile anesthetic in-
teractions with acute inflammatory lung injury resulting
from such processes as oxygen toxicity, adult respira-
tory distress syndrome, multiple organ failure syn-
drome, and acid aspiration.
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