Summary

1o study transvascular filtration of fluid and micro-

fscular permeability to protein in the lung during

| polonged hyperoxia, we measured lung lymph flow,
protein transport, and simultaneous pulmonary

viscular pressures of six lambs breathing 100 percent

0, for five days. Lymph flow doubled, protein flow

imcreased by 131 percent, and radioactive tracer

itudies demonstrated a clearcut increase in pulmo-

nary microvascular permeability to protein after

five days of continuous O, breathing.

Introduction

Breathing pure oxygen (O, ) for several days
tauses pulmonary edema (1). Many investi-
gators have attributed this condition to

“leaky” capillaries in the lung, a conclusion
derived mainly from observations of endo-
thelial cell damage seen with the electron
microscope (2, 3). To assess more directly
pulmonary microvascular permeability to
protein in prolonged hyperoxia, we measured
pulmonary lymph flow, transvascular move-
ment of protein in the lung, and simultaneous
pulmonary vascular pressures of six unanesthe-
tized 2—4 week old lambs breathing 100 per-
cent O, at one atmosphere continuously for
five days. With no appreciable change in lung
vascular pressures, pulmonary lymph flow in-
creased progressively after 72 hours in O,,

md transport of protein from plasma into
lymph more than doubled in five days, demon-
strating a substantial increase in the permea-
bility of the pulmonary microvascular mem-
brane to substances of large molecular weight.

Methods

Preparation of Animals for Experiments.
Using methods previously described (4, 5),
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we surgically prepared eight newborn lambs to
collect lung lymph and measure average pul-
monary arterial (Ppa), left atrial (Pla), and
aortic (Pao) pressures. Each lamb had two
thoracotomies, the first at one to two days of
age, and the second three to seven days later.

During the first operation we placed polyvinyl
catheters (Tygon Tubing, Akron, Ohio, USA)
in the thoracic aorta, pulmonary artery and
both atria. In the second operation we resected
the systemic contributions to the caudal
mediastinal lymph node and inserted a heparin-
impregnated (TDMAC processing, Polyscience
Inc, Warrington, PA, USA) polyvinyl catheter
(internal diameter .015"") into the efferent
duct of that node. The lambs had at least
three days to recover from surgery, and ex-
periments did not begin until the lymph was
free of visible blood and flowing at a steady
rate.

Six lambs remained in 100 percent O, for
five days after a 4-hour baseline period in air.
Two control lambs had identical management
except that they breathed air instead of pure
0, for five days.

Experimental Protocol. The six lambs treated
with O, weighed 3.6 + .2 kg at birth and

8.1 £ 1.0 kg when they began breathing 100
percent O, (19 £ 2 days of age). Until the
start of the experiments, the lambs were with
their ewes for feeding and warmth. When
studies began, the lambs remained in a sealed
wood and lucite chamber, into which humidi-
fied O, flowed at 6—9 L/min, sufficient to
keep the inspired O, concentration greater
than 90 percent for five days. Ice within the
box kept the temperature between 24 and
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26°C, and soda lime maintained the concen-
tration of CO, below 4 torr. The lambs were
out of O, for no more than five minutes each
day, long enough to be weighed and trans-
ported from the box to a supporting canvas
sling in which measurements were made.
During the five days of O, exposure we fed
the lambs commercial infant formula* pro-
viding 120—140 ml/kg/day and 80--90 cal/
kg/day.

Measurements. At the beginning of experi-
ments and at 24 hour intervals thereafter, we
measured Ppa, Pla, and Pao continuously and
collected lymph specimens every 30 minutes
during a steady-state period of 3—4 hours.
Pressure measurements were made with cali-
brated pressure transducers (Statham P23 Dc,
Hato Rey, Puerto Rico) and a 6-channel am-
plifier-recorder (Grass Model 7B polygraph,
7DA E amplifiers, and 7P1B preamplifiers,
Grass Instrument Co., Quincy, Mass., USA).
Zero reference level for pressure recordings
was a line drawn on the lamb’s skin at the
left atrium immediately after surgery. We
measured the volume of lymph to the nearest
.01 ml and obtained blood samples at the
mid-point of each 30-minute lymph collec-
tion. We also recorded respiratory frequency,
heart rate, arterial blood gas tensions and pH,
and cardiac output by the indicator dilution
method (6) using Cardio-Green dye (Hynson
Wescott and Dunning, Inc, Baltimore, Mary-
land, USA). We calculated pulmonary vascular

resistance as 6&%% s

In five lambs we injected !25I-human albumin
(Mallinkrodt, San Francisco, CA, USA) intra-
venously and measured the time for the
lymph specific activity to reach half that of
plasma, both before they breathed O, and
again after five days in O,. We obtained two
baseline samples of blood and lymph, then
injected !25I-albumin, 3—5 ml/kg, into the
right atrium, and collected lymph samples
every 15 minutes for three hours, and blood
samples at the mid-point of each collection
period.

* Similac, Ross Laboratories, Columbus, Ohio, USA:
SMA, Wyeth Laboratories, Philadelphia, PA, USA.
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Analytic Methods. We centrifuged lymph and
blood samples and measured the concentration
of protein in the supernatant fluids by the
Biuret method (7) and of albumin by the
Bromcresol green method (8). We measured
Pa0,, PaCO,, pH and inspired gas concentra
tions with a Radiometer acid-base analyzer
(Copenhagen, Denmark).

For the radioactive tracer studies, we trans-
ferred 0.1 ml of each sample of lymph and
plasma into test tubes, measuring the radioac- |
tivity within each sample for one minute in

a Searle 512 multichannel pulse-height analyz
(Searle Analytic, Inc, Des Plaines, Ill., USA).
To obtain specific activity for each sample we
expressed the number of counts per minute
as a function of the concentration of albumin
in the sample. We constructed a regression liné
by plotting lymph:plasma specific activity as
a function of time after injection, yielding
the time at which lymph specific activity
reached half that of plasma (defined as half-
equilibration).
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Postmortem Studies. At the end of experi-
ments, we gave the lambs sodium pentobarbi-
tal (Diamond Laboratories, Des Moines, lowa,
USA), 20 mg/kg intravenously, resected the
lungs at an inflation pressure of 25 cm H,0,
and immediately froze them in liquid N,. We
examined sections of lung under a microscope,
made photomicrographs, and homogenized
the remaining lung to measure extravascular
water content (9). In each case we calculated
dry lung weight, exclusive of blood, so that
we could express pulmonary lymph flow rele
tive to lung tissue weight. Protein flow —
protein concentration in lymph x lymph flow
rate — is expressed relative to both dry lung |
tissue and plasma protein concentration.

Statistical Analysis. We used the paired f-test
(10) to compare measurements made during
the baseline period and the first four hours

in O, ; we also compared results of the first

four hours to those obtained on the fifth day
of O, breathing, with p < .05 indicative of
a significant difference. All data are given in
the text as the mean * one standard error
from the mean.
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Results

lemeral. The weights of the lambs did not
dmnge significantly throughout the experi- 8 3
I 7} N A e :
wnts. Five lambs survived the duration of > g8 o + . .4 v
e study; one died between the fourth and dug | E o © <o -
iith day in O,. After 45 days in O,, all gg‘g i'.: & e S
e lambs became lethargic, weak, and had 25818 g g geg £
uractions of the chest wall and blood-tinged =
ymph. We observed no change in vascular £
messures, lymph flow, protein concentrations @ ) S A 5
uthe clinical appearance of the two control R % = = SRS &
imbs during their five days in the chamber. BE|E o = wehet Z
L, O | a3 M o aa N b
“Wute Effects of Oxygen Breathing. As shown &
i the upper portion of Tables 1 and 2, PaO, : )
ud PaCO, increased and Ppa, pulmonary 2| E <« S g
uscular resistance and heart rate decreased @ e . I G
ing the initial four hours in O, . There 3 8§88 o oo~ 2
were no significant acute changes in respira- = =|5 2 SR2ER22 g
wry frequency, Pao, Pla, cardiac output, : °
mph flow, or protein concentrations. “i o8 o e jg;
(ronic Effects of Oxygen Breathing. Alveo- g g Sla * HOH K H b=
Wrarterial O, gradient and respiratory fre- S| <& |2 & FoR 0B g
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e days of O, breathing. As Table 1 shows, 2 . . 3
feart rate and PaCO, increased, while PaO, e o Gyents o 2
- ud pH decreased in all lambs by the fifth - - + HOH HOHHH 3
{ay. Cardiac output did not change significant- _%9 S;: 2 g Ex2n3 3
iy, but pulmonary vascular resistance increased 3 - £
| sfter five days in O, . E g X &
" Ufigure 1 shows the results of a typical ex- E oy . o e 3
periment in which a lamb breathed O, for ﬂ E ® 99232 9
five days. Following the initial decrease of £ £
Tpa, there was no appreciable change in vas- Z . =
alar pressures, but lymph flow increased be- 2 p= = =f— g i 2
gming on the fourth day, and the concentra- & M HHHH “‘:E’
fion of protein in lymph increased progressive- & o S oo g
ly from the third to the fifth day. E =~ N NN g
Table 2 is a summary of data related to micro- E 8
uscular fluid and protein transport for the 3 2 E 3
iix experimental lambs. Soon after O, breath- § ‘g’ § Z o ey %
ing began, Ppa decreased and then remained - eg|lg + HAAHAH o[ =
wnstant during the succeeding days in O, . §| =2E|58 @ IIRITS uz g
nall cases, the concentration of protein in E‘ o §
. ymph increased and the plasma protein con- g f 3
wntration decreased over five days, produc- Z & 21 &
ing an increase in the protein concentration & s & TROOQW @ g
of lymph relative to that in plasma. Lymph = o2 2 v 17 el B
low increased by an average of 100 percent E g § SIRIERR uE‘S +'r7:

ud lymph protein flow by 131 percent by
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* Significant difference between measurements obtained during the first four hours in O, and those obtained between 120—124 hours in Oy, p < .05
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fig. | Pulmonary lymph flow, protein concentrations,
nd average vascular pressures of a lamb breathing

iit, then 100 percent O for 5 days. Lymph flow,
pasured per gram of dry lung tissue, exclusive of

lood, was greater than the baseline flow rate by the

furth day in O5, and the concentration of protein

1 lymph increased progressively beginning on the

dhird day in O,
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Fig. 2 Lymph:plasma specific activity of 125-al-

* bumin as a function of time after intravascular in-
Jjection of the radioactive protein tracer in one lamb.
Before O, exposure, the specific activity in lymph
was one-half that in plasma 94 minutes after injec-
tion; after five days in O,, half-equilibration was

34 minutes
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the fifth day in O, — these were consistent
findings. [Albumin] : [globulin] in plasma did
not change during the course of experiments,
but this ratio decreased significantly in lymph,
by an average of 35 percent.

Radioactive Tracer Studies. Figure 2 shows a
typical experiment in which we injected
125]-albumin into the right atrium of a lamb
and sampled lymph and blood at 15 minute
intervals for two hours. There was a linear
rise of lymph:plasma specific activity after
injection. Before O, breathing, half-equilibra-
tion occurred 94 minutes after injection.
Following five days in O,, half-equilibration
was 34 minutes. For the five lambs studied in
0, with radioactive tracer injections, half-
equilibration averaged 101 *+ 4 min before O,
and 44 + 4 min after five days in O, . This
significant difference was the result of a more
rapid increase of specific activity in lymph;
0O, produced no change in the rate of decrease
of specific activity in plasma.

Postmortem Studies. Extravascular lung water
content per g of dry lung tissue, exclusive of
blood, averaged 5.78 + .28 for the six lambs,
significantly greater than the 4.82 + .11 g of
water/g dry lung tissue of control animals
breathing air (5).

Five of six lambs given O, had extensive cuffs
of fluid surrounding blood vessels of the lung,
confirming the presence of pulmonary edema.
Figure 3 illustrates a photomicrograph of a
section of such a lung, adjacent to that of a
normal lamb.

Discussion

DeLemos et al. (11) showed that newborn
lambs breathing pure O, acquire pulmonary
edema within three to four days. Our results
confirm this observation. Pulmonary edema
developed in all experimental lambs within
five days of O, exposure. Extravascular lung
water content was 20 percent above normal,
there were large cuffs of fluid surrounding
pulmonary blood vessels, and lung lymph flow
doubled.

Several reports have suggested that O, causes
pulmonary edema by changing permeability
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Fig. 3 Sections of lung, frozen in liquid nitrogen during inflation with gas at 25 cm H, O pressure. The ont
on the left is from a normal lamb and the one on the right from a lamb killed after five days in 100 percent
0,. Note the large cuffs of fluid surrounding pulmonary blood vessels and the reduced aeration in the lung

damaged by O,. Magnification 5X

to protein in the microciculation of the lung.
Anatomic studies by Kistler, using rats (3),
and by Kapanci, using monkeys (2), showed
early endothelial cell injury and interstitial
edema. Valimaki et al. (12) injected polyvinyl-
pyrrolidone (PVP: molecular weight 30,000—
40,000) intravascularly into rats breathing
90-95 percent O, for up to 60 hours and
showed that PVP accumulated in the inter-
stitium of the lung and could be harvested in
endobronchial extracts. They found that the
yield in lung washings correlated directly
with duration of O, breathing. Likewise,
Niinikoski et al. (13) found increased protein
in endobronchial saline extracts of rat lungs
after O, exposure. Jamieson et al. (14),

using Evans blue dye as an indicator, demon-
strated leakage of plasma into the lungs of
rats exposed to hyperbaric O, . These observa-
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tions, however, do not indicate the mechani
by which protein enters the interstitium of it}
lung; increased protein movement into the
lung could be caused by elevated micro
pressure (15), reduced lung tissue pressure
(possibly induced by increased alveolar surfa
tension) (16, 17), or greater vascular surface
area in the lung, without a change in penma.—)
bility.

Steady-state pulmonary lymph flow and thc
concentration of protein in lymph reflect net
transvascular movement of water and proteft
in the lung (18), assuming that the conceni
tion of protein in lymph approximates that
in the pulmonary interstitium (19, 20). The
method described by Staub et al. (4) there:
fore provides an in vivo assessment of lung
fluid dynamics and pulmonary microvascula
permeability to solutes of large molecular



ight; it permits recognition of changes in
g fluid filtration caused by increased micro-
ular pressure vs. changes caused by altered
yascular permeability. With this tech-
e we demonstrated a permeability change
| documented its time of onset in six lambs

gificant reduction in the half-equilibration
155].glbumin, without a change in lung

ular pressures. These findings clearly re-
tan 0,-induced change in pulmonary
rovascular permeability to protein. The
percent decrease of [albumin] : [globulin]
ymph and the progressive 20 percent in-

e in the concentration of protein in

ence that O, altered the normal sieving
perties of the pulmonary microvascular
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