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CoNGESTIVE atelectasis of the lung has
been observed following hypoxemia, rapid
decompression, blast injuries, burns, exces-
sive and rapid transfusion of blood and
fluids, and several different methods of
shock.®

Sealy » ¢ and Henry® observed this le-
sion in experimental animals after hemor-
rhagic shock and attempted to explain the
pathogenesis as due to low blood flow.

Guyton* presented evidence implicating
left ventricular failure in the genesis of the
pulmonary lesion accompanying prolonged
shock. Others*7 deny the importance of
heart failure in shock, but the differences
appear to be due to studies of different
stages of shock.

Previous work in our laboratory ** showed
that in the dog two hours of hypovolemic
shock at 40 mm. Hg followed by rapid rein-
fusion of the shed blood produced typical
gross and microscopic findings of conges-
tive atelectasis. These lesions are intense
capillary congestion, interstitial edema,
polymorphonuclear infiltration and intra-
alveolar hemorrhage with atelectasis. The
effects were not influenced by assisted ven-
tilation, heparinization, vasodilator drugs,
sympathectomy, vagotomy, body position
or sodium depletion of the animal prior to
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hemorrhage. When one lung was totally
denervated by removal and reimplantation
prior to induction of shock, it was pro-
tected from developing congestive atelecta-
sis, while the other lung of the same ani-
mal developed this lesion in unmodified
form.

The following experiments were per-
formed to determine the pulmonary vas-
cular pressure changes associated with
hemorrhagic shock and to evaluate the
influence of various drugs and surgical pro-
cedures on these pressures.

Methods

Dogs weighing from 12 to 15 Kg. were
anesthetized with 25 mg./Kg. of pentobar-
bital sodium and given 3 mg./Kg. of hepa-
rin. Endotracheal tubes were inserted and
the animals were ventilated with Harvard
volume respirators using room air. In each
experiment femoral artery cannula was at-
tached to an E and M physiograph for
monitoring arterial pressure, and another
cannula inserted in a femoral vein for in-
fusions and collection of blood samples.
The left chest was opened through the
fourth intercostal space and catheters were
inserted into the pulmonary artery and left
atrium (Kifa—2.8 mm. external diameter,
1.3 mm. internal diameter). Another cathe-
ter measuring 2.2 mm. external diameter,
and 1.2 mm. internal diameter, was passed
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through the left atrium into the pulmonary
vein into the wedge position and with-
drawn slightly as judged by the pressure
tracings to measure small pulmonary vein
pressure. In some animals catheters were
placed in both right and left pulmonary
veins. The chest was closed with water seal
drainage and the dogs were bled slowly
into an airless plastic reservoir to maintain
mean arterial pressure of 40 mm. Hg for 2
hours. The blood was then rapidly rein-
fused, usually within 10 minutes. The ani-
mals either died shortly thereafter, or were
sacrificed one hour post reinfusion. Pres-
sures were recorded at 15-minute intervals
throughout the experiment.

The animals were divided into the fol-
lowing groups:

Group 1. Seven animals were bled, main-
tained for 2 hours at mean arterial pres-
sures of 40 mm. Hg and then reinfused
while pressures were recorded. The ani-
mals were sacrificed and the lungs removed
for gross and microscopic examination.

Group 2. Four animals were given 0.4
mg. of atropine, intravenously just prior to
hemorrhage and again one hour later.

Group 3. Four animals underwent a
similar procedure except that 250 mg. of

TIME IN MINUTES

aminophylline was given intravenously
prior to shock and again one hour later.

Group 4. Four animals underwent a
similar procedure, except that 1 mg./Kg.
of phenoxybenzamine hydrochloride (Di-
benzyline) was administered slowly intra-
venously during the hour prior to hemor-
rhage.

Group 5. Four animals had left cervical
vagotomies prior to the above.

Group 6. Four animals had bilateral
cervical vagotomies prior to hemorrhagic
shock and reinfusion.

Group 7. In eight animals the left lungs
were completely removed and reimplanted
by serial transection and suturing of the
pulmonary artery, pulmonary veins and
bronchus. This allowed removal and re-
implantation with less than 30 minutes of
pulmonary ischemia. Four animals were
studied immediately and four were studied
a month later. Pressure cannulas were in-
serted to measure small pulmonary vein
pressures in both lungs of these animals.

Results

All groups except the animals subjected
to reimplantation of left lungs showed vary-
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ing degrees of gross and microscopic con-
gestive atelectasis. The reimplanted left
lungs appeared normal grossly, while con-
tralateral right lung had patchy areas of
consolidation. Microscopically, in each in-
stance, the reimplanted lung was normal,
while the contralateral lung showed typi-
cal areas of congestive atelectasis.

Pressure Studies

Group 1. All pressures fell with hemor-
rhage, though pulmonary artery, femoral
artery, and small pulmonary vein pressures
fell less than left atrial pressures (Fig. 1).
Immediately postreinfusion, pressures in
the pulmonary artery, small pulmonary
vein, and left atrium were significantly
higher than control pressures but ap-
proached control values during the subse-
quent hour. Small pulmonary vein and
pulmonary artery pressures were almost
identical with small pulmonary vein pres-
sure being only slightly lower than pul-
monary artery pressure throughout the
experiment.

Group 2. Animals receiving atropine
maintained higher left atrial pressures dur-

1 1
120 15
TIME IN MINUTES

1 1
30 60

ing reinfusion, but otherwise responded as
the control animals.

Group 3. Animals receiving aminophyl-
line had transient increases in left atrial
pressure with the second injection of the
drug but these rapidly declined to control
levels during the reinfusion period. Femoral
artery pressures remained low throughout
the period.

Group 4. Animals receiving Dibenzyline
had lower central pressures during shock
and less elevation of all pressures with re-
infusion. It did not, however, increase the
gradient between the pulmonary artery and
small pulmonary vein.

Group 5. Dogs undergoing left cervical
vagotomies had higher small pulmonary
vein pressures in the left lung than in the
right lung and after reinfusion left atrial
pressures were significantly higher than
those of other groups.

Group 6. Animals with bilateral cervical
vagotomies had higher pressures in the
small pulmonary veins in both lungs, but
only modest postreinfusion elevations of
pressures.

Group 7. Animals undergoing left lung
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reimplantations had decreases in pressures
in the left small pulmonary veins which
were consistently lower than right small
pulmonary vein pressures (Fig. 2). Right
small pulmonary vein pressures were al-
most identical with pulmonary artery pres-
sures, whereas the left small pulmonary
vein pressures closely followed left -atrial
pressures during both shock and the re-
infusion period (Fig. 3). Grossly and mi-
croscopically each of the reimplanted lungs
appeared normal; whereas contralateral
right lungs in each instance showed con-
gestive atelectasis (Fig. 4).

Discussion

For total denervation of the lung com-
plete excision and reimplantation or at least
total hilar stripping and bronchial tran-
section are required.'* Lower small vein
pressures and lack of pathologic changes in
reimplanted denervated lung suggest that
the neural supply plays an important role
in the formation of congestive atelectasis,
probably by mediating constriction of the
postcapillary bed at the small pulmonary
vein level.
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Keller and associates ? also attribute con-
gestive lesions of the lung to pressure
changes in the pulmonary venous circula-
tion. In dogs subjected to hypovolemic
shock and retransfusion, they found a rise
in small pulmonary venous pressure and
resistance after transfusion in contrast to
pulmonary arterial and left atrial pressures
which did not differ significantly from con-
trols. These animals had typical lesions of
acute congestive atelectasis, which they
believed were secondary to constriction of
the small pulmonary veins. This caused en-
gorgement of capillaries, interstitial édema
and hemorrhage with encroachment upon
surrounding alveoli to cause subsequent
collapse. Our observations confirm the in-
crease in small pulmonary vein pressures.
Neither Keller’s nor our experiments sup-
port the suggestion that left ventricular
failure is 'a. significant factor since left
atrial pressures remained much lower than
the pulmonary venous pressures in all
experiments.

Kuida and associates 1° studied the ef-
fects of gram-negative endotoxin on pulmo-
nary circulation in intact animals, open
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same animal undergoing shock an

chest animals and in isolated perfused
lungs. They found that pulmonary artery
pressures increased in all preparations fol-
lowing the injection of endotoxin without
rise in left atrial pressures. Pulmonary ar-
tery wedge and small pulmonary vein pres-
sures uniformly increased. Further experi-
ments evaluated ® the effects of histamine
and 5-hydroxytryptamine on arterial and
venous segmental resistances in isolated
perfused dog lungs. Histamine usually in-
creased venous resistance more than arter-
ial resistance while in contrast 5-hydroxy-
tryptamine usually increased arterial re-
sistance more than venous resistance. Small
pulmonary vein pressures rose after the ad-
ministration of epinephrine, nor-epineph-
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reinfusion of the blood. The left lung (left) was pro-
tected and appears normal whereas the right lung (right) shows the lesion of congestion.

rine, histamine and 5-hydroxytryptamine,
thus, further demonstrating constriction of
pulmonary veins. Sukhnandan and Thal
studied the effects of histamine, serotonin,
epinephrine, bradykinin, endotoxin shock
and blood transfusion on isolated perfused
dog lungs. All except bradykinin proved
to be vasoconstrictor, both at the arteri-
olar and small pulmonary vein levels. Di-
benzyline pre-treatment diminished pulmo-
nary arteriolar and small vein constric-
tion, having its most pronounced effect on
the postcapillary bed. The isolated per-
fused lung appeared to become less edema-
tous. In our experiments, however, al-
though dibenzyline lowered all pressures it
was not more effective on the postcapillary
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bed nor was it sufficient to prevent the con-
gestive atelectasis in intact animals.

Daicoff et al.* showed that serotonin in-
jected intravenously in anesthetized dogs
produces pulmonary arterial hypertension
and intrapulmonary venous hypertension
without significant changes in left atrial
pressures or pulmonary vein pressures mea-
sured just outside the pericardium.

Our experiments attempted to determine
the effect of severance of nerves on vascu-
lar pressures in the lung during hemor-
rhagic shock. The drugs were used in an
attempt to alleviate small pulmonary vein
constriction which is believed to cause
the congestive lesions. It has been demon-
strated that pressures in the large pulmo-
nary veins fluctuate over a much narrower
range than pressures in small pulmonary
veins in intact anesthetized dogs.®

That small pulmonary veins can constrict
and cause congestive atelectasis seems rea-
sonable. That these changes were pre-
vented by complete removal and reimplan-
tation of the lung appears to incriminate
a neurogenic factor in the atelectasis. Di-
benzyline lowered pressures as compared
to controls but did not increase the gra-
dient between the pulmonary artery and
small pulmonary vein and thus did not pre-
vent capillary hypertension. Willwerth and
his associates 1* using a similar technic of
hemorrhagic hypotension found congestive
lesions in the functional lung but none in
the contralateral lung which had the pul-
monary artery and veins clamped during
the period of shock. They believed the le-
sion was secondary to functional demand
on the lung in the face of low blood flow.
Their study did not exclude the possibil-
ity that circulating vasoactive substances
would be excluded from the occluded lung
during shock. Also, the single functional
lung was subjected to higher flows and
pressures during the period of hypovolemia
which might favor perivascular éxtravasa-
tion. In our studies, the reimplanted de-
nervated lung was exposed to all the vas-
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cular factors and functional demand of the
contralateral lung, but still did not develop
congestive lesions.

Summary

1. Pulmonary vascular pressures were re-
corded in dogs subjected to hemorrhagic
shock for periods of 2 hours at 40 mm.
Hg, followed by rapid reinfusion of the
blood which uniformly produced conges-
tive atelectasis.

2. The influence of atropine, aminophyl-
line, Dibenzyline, unilateral or bilateral
cervical vagotomy, and reimplantation of
the left lung were studied in this prepara-
tion. None of these procedures prevented
congestive atelectasis or significantly influ-
enced pressures except complete removal
and reimplantation of the lung, both in
acute and chronic preparations.

3. Small pulmonary vein pressures al-
most equalled pulmonary arterial pressures
during the period of shock, and were con-
siderably greater than large pulmonary
vein or left atrial pressures.

4. Pressures in small pulmonary veins of
reimplanted left lungs were considerably
lower than pulmonary artery pressures or
small pulmonary vein pressures in the con-
tralateral right lungs.

5. The observations that reimplantation
and thus denervation of the lung prevented
the pathologic changes and that small pul-
monary vein pressures in the reimplanted
lung were lower than in the contralateral
lung suggest that neural factors play an im-
portant part in the production of this le-
sion, probably by mediating constriction of
the postcapillary bed at the small pulmo-
nary vein level.
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