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Abstract

We did experiments to determine whether beta-adrenergic ag-
onists increase lung liquid clearance in anesthetized ventilated

adult sheep and, if so, whether the increase is mediated by beta

receptors and what mechanism is involved. We instilled 100 ml

of autologous serum either alone or with a beta-adrenergic agonist
(terbutaline, j0-5 M, or epinephrine, 5.5 X 10-6 M) into one

lower lobe. After 4 h both terbutaline and epinephrine increased

lung liquid clearance. The increase in lung liquid clearance was

inhibited when propranolol (a beta blocker) or amiloride (a so-

dium channel blocker) was added to the terbutaline. Increased

clearance was not explained by changes in pulmonary hemody-
namics, pulmonary blood flow, or lung lymph flow. We conclude

that beta-adrenergic agonists increase lung liquid clearance in

anesthetized intact adult sheep. This increase is mediated through
beta receptors and probably depends on increased active transport
of sodium across the alveolar barrier.

Introduction

Clearance of liquid across the alveolar barrier of the lungs de-

pends in part on hydrostatic and osmotic pressure gradients
across the alveolar barrier (1, 2). Recently, it has been suggested
that alveolar and lung liquid clearance may also depend on active

metabolic processes for ion transport (3-5). This hypothesis is

supported by work in different experimental models in which

the presence of active sodium transport has been identified

(6-10).
In some studies, active transport of sodium has been shown

to increase when beta-adrenergic agents are present. For example,

beta-adrenergic agonists increase sodium transport across the
alveolar barrier in fetal lambs (1 1), isolated rat lungs (12), and
cultured alveolar type II cells (7, 13). However, whether increased
active transport of sodium induced by beta-adrenergic agents

increases lung liquid clearance in the intact adult animal has
never been studied. Therefore, our first objective in these studies
was to determine whether beta agonists increase lung liquid
clearance in anesthetized intact adult sheep.

Once it was clear that beta agonists markedly increased lung
liquid clearance, we established that this effect is mediated

through beta receptors. Then, we studied the mechanism for the
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increased liquid clearance by measuring pulmonary hemody-
namics, pulmonary blood flow, lung lymph flow, and alveolar
barrier permeability and surface area. Finally, to evaluate
whether the mechanism of the increased lung liquid clearance
we observed involves an increase in active sodium transport, we

assessed the effect of the sodium channel blocker amiloride on

the beta agonist-mediated increase in lung liquid clearance.

Methods

Surgical preparation. We anesthetized 50 female and wethered yearling
sheep (34.9±5.6 kg) with intravenous sodium pentothal (30 mg/kg), made
a tracheostomy, and inserted a cuffed tracheostomy tube (Portex, Inc.,
Wilmington, MA). The lungs were ventilated with a constant-volume
pump (Harvard Apparatus Co., Inc., South Natick, MA) at a tidal volume
of 400-500 ml (13-15 ml/kg) with a peak inspiratory pressure of 15-20
cm H20 and a positive end-expiratory pressure of 5 cm H20. The respi-
ratory rate was adjusted to achieve a PaCO2 between 30 and 40 mmHg.
Anesthesia was maintained by 1.0-1.5% halothane mixed with supple-
mental oxygen (40-60%). The sheep were paralyzed with pancuronium
bromide (1.0-mg i.v. every 3 h).

The preparation of anesthetized sheep designed to collect lung lymph
and measure systemic and pulmonary hemodynamics was similar to the
one previously published (3, 14, 15). The preparatory surgery required
1.5-2 h. The sheep were then placed in the prone position, and the head
and thorax were tilted up at a 5° angle to maintain the lower lung lobes
in a slightly dependent position. Both sides of the chest were left open.

Preparation and instillation ofserum. The procedures for preparation
and instillation ofthe serum solution are essentially the same as we have
previously published (3, 5). Briefly, on the day before the experiment
250 ml of blood was withdrawn from the sheep with sterile technique.
The blood was clotted and centrifuged to obtain 125 ml of serum. The
serum was refrigerated overnight. The next morning, we added 30 mg
of anhydrous Evans blue to bind to the albumin (16). 20 gCi of 125I-
labeled human serum albumin (Mallinckrodt, Inc., St. Louis, MO) was
added to the serum as a protein tracer. Before we instilled the serum,
we took a sample for total protein measurement and wet/dry ratio mea-
surements so that the dry weight could be subtracted from the final lung
water calculations. Our aim was to instill 100±3.0 ml ofwater (108-112
ml of serum volume). The serum was instilled by inserting a flexible
fiberoptic bronchoscope (Machida America, Inc., Norwood, NJ) through
a three-way t-piece adapter via the tracheostomy so that ventilation was
not interrupted. Either the left or the right lower lobe was used to instill
the serum. The instillation took - 5-10 min.

General protocol. Five series of experiments were done. In the first
three series, we evaluated the effects of two beta-adrenergic agonists and
a beta-adrenergic antagonist on the clearance of liquid and protein from
the lungs. In the last two series, we studied the effects of changes in
pulmonary blood flow and the effect of a sodium channel blocker (amil-
oride) on the beta agonist-mediated increase in lung liquid clearance.
In addition, in each of these series we measured pulmonary hemody-
namics and lung lymph flow to evaluate their possible role as a mechanism
of the increased lung liquid clearance induced by the beta-adrenergic
agonist. In each of these series, the permeability of the alveolar barrier
was assessed by measuring protein clearance using '25I-albumin mixed
with the instilled serum.
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For all the experimental series, we used the following general protocol.
After surgery there was a baseline period of 1.5-2 h, during which lung
lymph flow and vascular pressures were stable. Then the serum solution
with or without a beta-adrenergic agonist or antagonist was instilled.
During the next 4 h, systemic, pulmonary, and left atrial pressures, cardiac
output, and lung lymph flow were measured every 15 min. Blood and
lymph samples were taken every 0.5 h for total protein concentration
measurements and 1251-albumin counts. After 4 h, the sheep were killed
and the lungs were removed for sampling of the airway liquid to obtain
the final airway liquid protein concentration, measurements of excess
lung water to assess lung liquid clearance, and the residual quantity of
25I-albumin left in the lung (see Measurements).

Specific protocols
Series 1. Instilled beta-adrenergic agonists (18 sheep). To determine the
effect of beta-adrenergic agonists on lung liquid and protein clearance
from the lungs, we instilled into one lower lobe either serum alone (six
sheep), serum mixed with terbutaline (IO-' M; CIBA-GEIGY, Summit,
NJ) (six sheep), or serum mixed with epinephrine (5.5 X 10' M, Am
Quinine, Shirley, NY) (six sheep). We then measured the variables de-
scribed in the general protocol. The doses ofterbutaline and epinephrine
selected for these studies are similar to the doses used in studies of isolated
alveolar type II cells by other investigators (7, 13).

Terbutaline and epinephrine were chosen because of their previous
use in other models. Terbutaline was used to study the electrical properties
(7) and dome formation (7-10) by cultured alveolar type II cells. Ter-
butaline was also used to study sodium transport in the isolated, perfused
rat lung (12). Finally, epinephrine was used to study the reabsorption of
fetal lung liquid after birth (1 1). We also selected epinephrine because
it is an endogenous cathecolamine.

Series 2. Intravenous and instilled beta-adrenergic agonists (six sheep).
To determine whether we could achieve a greater effect on lung liquid
and protein clearance by giving terbutaline both in the instilled serum
and intravenously, we did two experiments. First, in preliminary exper-
iments, terbutaline was infused to determine whether an intravenous
infusion increases lung liquid clearance. For this first experiment, after
the baseline period, an intravenous infusion of terbutaline was begun in
three sheep at a dose of 0.6 Agg kg-' - min-', 1 h before the serum in-
stillation. Then we instilled serum alone into one lower lobe, and con-
tinued the intravenous infusion of terbutaline for 4 h more and measured
variables as described in the general protocol. The dose of terbutaline is
identical to the dose that was used previously in unanesthetized sheep
and did not produce major changes in hemodynamics (17).

Second, since an intravenous infusion of terbutaline increased lung
liquid clearance modestly, in three additional sheep we gave terbutaline
both intravenously (0.6 fg kg- * min-') and mixed in the serum (10-1
M) So determine if it would have an additive effect on lung liquid clear-
ance. The protocol was the same as the one just described for intravenous
terbutaline except that terbutaline was also added to the instilled serum.

Series 3. Beta-adrenergic antagonist (eight sheep). Two experiments
were done in series 3. First, to determine whether beta-adrenergic blockade
alone has an effect on lung liquid clearance, we gave the beta-adrenergic
antagonist propranolol intravenously to four sheep and mixed it with
the instilled serum to assure maximal beta blockade. For this experiment,
intravenous propranolol was begun at a low dose (5 Mg . kg' - min') 1
h before the serum instillation and was gradually increased to a maximum
of 21 gg * kg-' * min- in an effort to maintain left atrial pressure at < 10

cm H20. Beta blockade was tested with isoproterenol (18). After pro-
pranolol had been infused at a stable dose for 1 h, serum mixed with
propranolol (10-s M in three sheep; 10-4 M in one sheep) was instilled
into the lung. The infusion of propranolol was continued for 4 h after
serum instillation while the variables described in the general protocol
were measured.

Second, to confirm that the effects induced in the experiments of
series 1 and 2 were mediated through beta receptors, the beta-adrenergic
response was inhibited in four other sheep by giving propranolol and
terbutaline together. For this experiment, propranolol was infused in-
travenously for 1.5 h, then an intravenous infusion of terbutaline (as

described for series 2 experiments) was begun. After 1 h of terbutaline
infusion, serum mixed with both terbutaline (10-s M) and propranolol
(l0-s M) was instilled into one lung. The intravenous infusions of pro-
pranolol and terbutaline were continued throughout the 4-h study period
while the variables described in the general protocol were measured.
Beta blockade again was confirmed with isoproterenol ( 18).

Series 4. Pulmonary bloodflow (14 sheep). To determine the possible
role of pulmonary blood flow in the increased lung liquid clearance ob-
served with beta-adrenergic agonists, we did two experiments. In the first
experiment, we studied the distribution of pulmonary blood flow to the
serum-instilled lung by injecting radioactive microspheres (see Mea-
surements) into 10 sheep that received either serum alone (two sheep),
serum mixed with epinephrine (three sheep), serum mixed with terbu-
taline and intravenous terbutaline (two sheep), or serum alone and in-
travenous nitroprusside (three sheep).

Since the vasodilator nitroprusside and beta-adrenergic agonists
maintained pulmonary blood flow to the serum-instilled lung, nitro-
prusside was infused in the second series of experiments (four sheep) to
see if preserved pulmonary blood flow by itselfwould increase lung liquid
clearance. First, to find a dose of nitroprusside that would increase blood
flow to the serum-instilled lung, a brief period of hypoxia-induced pul-
monary hypertension was created and the dose of nitroprusside (Abbott
Laboratories, Irving, TX) that would return pulmonary artery pressure
to baseline levels was determined. Briefly, after the surgical preparation
was complete, the fraction of oxygen was lowered to 0.10, resulting in a
mean arterial oxygen tension of31.8±1.7 (SD) mmHg. Pulmonary artery
pressure rose to 31.5±5.3 cm H20 (n = 4), and pulmonary vascular
resistance doubled. After 10 min of alveolar hypoxia, intravenous nitro-
prusside was begun at a dose of 3 Ag kg-' -min-' and was increased
until pulmonary artery pressure returned to baseline levels. This objective
was accomplished in all sheep within 10 min, with an average dose of
nitroprusside of 5 Ago kg-' * min' (range, 4-7 Agg kg' * min-').

The effect of infusion of this dose on lung liquid clearance was studied
as follows. We stopped the intravenous nitroprusside infusion, after which
the oxygen fraction returned to 0.50. Then the baseline period was started
and continued for 2 h. Next, the nitroprusside infusion was begun. After
0.5 h, serum alone was instilled into one lung. The infusion of nitro-
prusside was continued for 4 h and the variables described in the general
protocol was measured.

Series 5. Sodium channel blocker, amiloride (four sheep). To deter-
mine the possible role of active transport of sodium in the increased
clearance of liquid observed with terbutaline, we instilled in four sheep
serum mixed with terbutaline (I0-' M) and the sodium channel blocker
amiloride (Merck Sharp and Dohme, West Point, PA) (10-3 M in two
sheep; l0-4 M in two sheep) and measured the variables described in
the general protocol. The doses of amiloride were similar to those used
in isolated type II cell preparations (7) to block the uptake of sodium
at the apical side of the cell membrane. These were also the doses
of amiloride used in previous studies in anesthetized sheep in our

laboratory (2).

Measurements
Measurements ofhemodynamics, lung lymph flow, and protein concen-

tration. We measured left atrial, pulmonary arterial, systemic arterial,
airway pressure, cardiac output, and blood gases as previously described
(3). At 15-min intervals we measured the volume of lymph, and at 30-
min intervals we collected the lymph and a blood sample to measure

total protein concentration with an automated analyzer (AAII Technicon,
Tarrytown, NY).

Excess lung water measurements. After each experiment, we obtained
a 40-ml blood sample to measure the hemoglobin concentration and the
wet/dry weight ratio of blood for the lung water calculation. Then the
sheep was killed by cross-clamping the aorta. The trachea was clamped
at an airway pressure of 20 cm H20 and the lungs were removed from
the thorax. Airway liquid (2-5 ml) was obtained by passing a 3-mm-
diameter catheter into the distal airways of the serum-instilled lung. The

sample was centrifuged and the total protein concentration and radio-

activity (counts per milliliter) of the supernatant was measured. Then
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the lungs were frozen in liquid nitrogen. The next day, each lung was
examined in a cryostat at -20'C to determine the distribution of the
Evans blue-labeled serum and to confirm that none of the fluid had
spilled over into the control lung.

We then homogenized each lung separately and determined the ex-
travascular lung water by calculating the wet/dry weight ratio (grams
H20/grams dry lung) (19). The excess water in the experimental lung
was then calculated with the same equation as described previously (3,
5). To evaluate the accuracy ofthis method ofmeasuring different quan-
tities of water instilled into the lung, we did five experiments in which
different quantities of water (40-100 ml) were instilled into an excised
lung. The other lung was used as a control. Then the known instilled
water volume was plotted against the measured water volume. A regres-
sion line was calculated ahd the coefficient of variation was computed
from the standard error of the estimate of the regression line and the
mean values of the residual lung water. The coefficient of variation for
this technique was 1 1.1%.

Distribution ofpulmonary bloodflow. To quantify the distribution
of pulmonary blood flow to the serum-instilled regions of the lungs, we
measured the fractional distribution ofpulmonary blood flow in 10 sheep
(serum alone in two sheep; serum plus epinephrine in three sheep; serum
plus intravenous terbutaline mixed with instilled serum in two sheep;
serum plus intravenous nitroprusside in three sheep). To measure the
fractional distribution ofpulmonary blood flow, 15-Mm-diameter radio-
nuclide-labeled microspheres were injected over 0.5 min into the right
atrium as described previously (3, 20). Measurements were made twice
during the last half hour ofthe baseline period before serum was instilled.
Then measurements were made at 0.5, 1, 2, and 4 h after the serum was
instilled. In studies where an intravenous infusion was started before
serum was instilled, two measurements were made 10 min before the
serum instillation, and only one baseline measurement (no infusion) was
made.

In a cryostat, the serum-instilled lung was cut and the homogeneously
blue-stained areas were isolated. This permitted us to identify the max-
imum change in local blood flow that had occurred, as we have done
previously (3). This homogeneously blue-stained area contained - 70%
ofthe liquid instilled. The other portions of the experimental lung, which
contained 30% of the instilled liquid, and the entire control lung were
then isolated. Each portion was homogenized and carbonized. The sam-

ples were then processed for radionuclide counting of the isotopes (20).
We accounted for 88.3±9.1% (SD) of the radioactive isotopes that were
injected.

Alveolar permeability and surface area. To assess the permeability
of the alveolar barrier, three different methods were used: clearance of
protein ('25I-albumin) from the air spaces, accumulation of plasma
equivalents in the air spaces, and clearance of a small molecule
((57Co]cyanocobalamine) from the air spaces. For the assessment ofpro-
tein clearance, 20 uCi of '25I-human serum albumin was added to the
instilled serum. The method for assessing the total amount of tracer
albumin instilled and the residual amount of tracer recovered in ho-
mogenized lung, lymph, and plasma is similar to the method previously
published (3, 5). The sum of the amounts of tracer in the homogenized
lung, lymph, and plasma accounted for 95.9±4.2% (SD) of the instilled
tracer.

The permeability was assessed also by examining the accumulation
ofplasma equivalents in the air spaces. For this measurement, we assessed
the movement of protein from the vascular spaces into the air spaces in
selected studies by labeling the plasma with "'II-human serum albumin
at the beginning of the experiment and then counting the accumulation
of "'I-albumin in the airway liquid at the end of the experiment. This
method has been previously used to estimate clearance of plasma into
the air spaces of the lungs (5, 21). Briefly, 30 uCi of "' I-albumin (E. R.
Squibb & Sons, Inc., New Brunswick, NJ) were injected intravenously
1 h before instilling serum into 19 sheep (serum alone in three sheet);
terbutaline in seven sheep; epinephrine in three sheep; propranolol in
two sheep; nitroprusside in two sheep; amiloride plus terbutaline in two
sheep). Then the counts of 13'I-albumin per milliliter in all plasma samples
were measured and a mean value for the 4-h experimental period after

serum instillation was calculated. Then the counts per milliliter in the
airway liquid retrieved at 4 h were measured. To estimate clearance of
plasma into the air spaces, the amount ofplasma equivalents in air spaces
was calculated with a modified version of the equation we have used
before (5, 21): ml of plasma equivalents in air spaces = ('I-albumin/
ml of airway liquid X excess lung water)/"'I-albumin/ml of plasma.
This equation assumes that all the measured excess lung water is in the
air spaces, a reasonable assumption because of the similarity between
measured and estimated lung water (see Discussion).

Finally, to evaluate changes in the permeability or the surface area
of the alveolar barrier that might not be detected by protein clearance
(`25I-albumin), the clearance of a smaller molecular weight tracer,
['7Colcyanocobalamine (1,355 mol wt), was studied in seven sheep from
series 1 (serum alone in three sheep; serum mixed with terbutaline in
two sheep; serum mixed with epinephrine in two sheep). This tracer has
been used by other investigators for the same purpose (22-24). We in-
stilled 3 gCi of ['7Co]cyanocobalamine (Amersham Corp., Arlington
Heights, IL) and measured its clearance from the air spaces parallel to

the clearance of "'I-albumin. To prevent binding of the radioactive cy-
anocobalamine molecule to the transcobalamine-binding protein present
in the lungs, the sheep were saturated with 1,000 Mg of cold vitamin B,2
(Elkins-Shinn, Inc., Cherry Hill, NJ) i.m. 16 h before the experiment
and 1,000 Mg i.v. 1 h before serum instillation. The total amount of
[(7Cojcyanocobalamine in the lungs, lymph, urine, and plasma was de-
termined as previously described for "'I-albumin tracer (3, 5). Using
this technique, we accounted for 93.8±8.1% of the tracer instilled.

Statistics. The data are summarized as the mean and standard de-
viation. For series 1 experiments, all the data from the serum alone (six
sheep), serum mixed with terbutaline (six sheep), and serum mixed with
epinephrine (six sheep) experiments were analyzed with a one-way anal-
ysis of variance and the Newman-Keuls multiple range test (25). One-
way analysis of variance and the Newman-Keuls test were also used to
compare data from the experiments in series 2, 3, 4, and 5 with data
from the six-serum-alone experiments from series 1. The changes in
hemodynamics and lymph flow from the baseline to the experimental
period within each group were analyzed with Student's paired t test. For
the baseline period, we used data from the last hour, but for the exper-
imental period we used all four hours. We regarded as significant those
differences with a P value of < 0.05.

Results

Instilled beta-adrenergic agonist effects. Beta-adrenergic agonists
increased lung liquid clearance. When either terbutaline or epi-
nephrine was instilled along with serum into the air spaces, the
excess lung water was significantly less than when serum alone
was instilled (Fig. 1 A). Although the mean excess lung water
for the terbutaline experiments was 12 ml less than that for the
epinephrine experiments, the difference did not reach statistical
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Figure 1. Excess lung
water (A) and increase
in protein concentration
of the airway liquid (B)
when serum alone (n
- 6), serum mixed with
epinephrine (n = 6), and
serum mixed with ter-

butaline (n = 6) were in-
stilled into a sheep lung.
(*) Statistically different
from the value for
serum alone. (t) Statisti-
cally different from the
value for epinephrine.
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Table L Pulmonary Hemodynamics and Mean Airway Pressures after Instillation
ofSerum alone or Serum Mixed with Beta-adrenergic Agonists into Sheep Lung

Condition Pulmonary artery pressure Left atrial pressure Cardiac output Mean airway* pressure

cmHI2O cm H20 1/min cm H20

Serum alone (n =6)
Baseline 18.3±5.2 4.4± 1.8 4.2± 1.6 11.8±1.0

Experimental 19.2±5.2 3.3±2.6 3.7±1.4 12.3±1.9

Epinephrine (n =6)
Baseline 17.1±2.1 3.5±1.4 4.3±0.9 11.2±2.2

Experimental 19.9±3.1 1.8±1.3 4.0±0.7 13.1±2.3*

Terbutaline (n =6)

Baseline 19.0±4.5 4.1±1.6 3.6±0.5 10.8±1.1

Experimental 19.0±3.5 2.9±1.6t 3.3±0.4 12.8±1.1l

Values are mean ± 1 SD. * Mean airway pressure = peak airway pressure/2 + positive end-expiratory pressure/2. tStatistically different from
baseline value (P < 0.05).

significance. Parallel to the liquid clearance, the protein con-
centration of the airway liquid aspirated after the 4-h experiment
was greater than the protein concentration ofthe instilled serum
for all three treatments but was greater for terbutaline and epi-
nephrine than for serum alone (Fig. 1 B). The increase in protein
concentration for the terbutaline experiments was also greater
than that for the epinephrine experiments.

After serum was instilled either alone or with a beta-adren-
ergic agonist, the only significant hemodynamic change was a
slight decrease in left atrial pressure in the terbutaline group.
Also, there was a slight increase in the mean airway pressure in
the beta-adrenergic-treated groups although the mean airway
pressure was not different between the three groups (Table I).
However, lung lymph flow and excess lymph flow increased and
the lymph to plasma protein concentration ratio decreased sig-
nificantly in all three groups of experiments (Table II). Both of
these changes were greater after terbutaline and epinephrine than
after serum alone (Table II). Arterial oxygen tension decreased,
although it was always > 85 mmHg.

Instilled and intravenous adrenergic agonist effects. In three
preliminary experiments where terbutaline was given intrave-
nously instead of being mixed with the serum, the excess lung

water was 60.6±4.9 ml, significantly less than the value for the
serum alone experiments (76.8±8.0 ml from series 1). The dose
of intravenous terbutaline we used had no hemodynamic effect
other than a 38% increase in cardiac output. We therefore studied
the effect of both intravenous and instilled terbutaline in three
sheep. Terbutaline given by these two routes did not produce
an additive effect on lung liquid clearance. Excess lung water
for intravenous plus instilled terbutaline (49.5±12.7 ml) was not
significantly different from excess lung water for instilled ter-
butaline alone from series 1 (46.9±10.5 ml).

The changes in pulmonary arterial, left atrial, and peak air-
way pressures were not different from the pressure changes ob-
served for instilled terbutaline alone. However, the presence of
an intravenous infusion ofterbutaline did increase cardiac output
by 28% over baseline. The excess lymph flow over 4 h was
16.2±3.2 ml and the lymph-to-plasma protein concentration
ratio decreased from 0.73±0.04 to 0.55±0.09. These changes
were similar to those observed for instilled terbutaline and were
significantly different from changes in excess lymph flow and
lymph-to-plasma protein concentration ratio observed in the
serum alone experiments in series 1.

Beta-adrenergic antagonist effects. Propranolol alone did not

Table I. Lymph Flow and Protein Dynamics after Instillation ofSerum Alone or Serum Mixed with Beta-adrenergic Agonists

Condition Lymph flow Excess lymph flow* during 4 h Protein concentration ratio

g/h ml lymph/plasma

Serum alone (n = 5)
Baseline 5.6±2.4 47±2.8 0.76±0.03

Experimental 6.8±2.6* 4 0.70±0.07*

Epinephrine (n =6)
Baseline 7.2±3.5 0.69±0.09

Experimental 10.2±3.6t 0.54±0.08H

Terbutaline (n = 5)
Baseline 5.4±2.1 19 4+8 4§ 0.71±0.05

Experimental 10.2±3.7t 0.54±0.04$§

Values are mean± 1 SD. * Excess lymph flow = [(experimental lymph flow-baseline lymph flow) x 4]. * Statistically different from baseline

value (P < 0.05). § Statistically different from the value for serum alone (P < 0.05).
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decrease lung liquid clearance. The excess lung water and the
increased protein concentration in the airway liquid when pro-
pranolol was given intravenously and mixed in the serum were
not different from the results with serum alone (Fig. 2). The
results were similar regardless ofthe concentration ofpropranolol
in the instilled serum (10-' M or lo-3 M). The only significant
hemodynamic differences were a 20% decrease in cardiac output
below baseline and a higher mean left atrial pressure during the
experiment (7.6±2.1 cm H20) than for the baseline. This mean
left atrial pressure was statistically different from the left atrial
pressure measured in the serum-alone experiment (3.3±2.6 cm
H20), but the cardiac output (3.4±1.4 I/min) was not statistically
different from the cardiac output measured in the serum alone
experiments (3.7±1.4 1/min).

In the four experiments where both propranolol and ter-
butaline were given, the effect of terbutaline on lung liquid
clearance and protein concentration in the air spaces was com-
pletely blocked (Fig. 2). Except for a higher left atrial pressure
(6.5±2.1 cm H20), the changes in hemodynamics and lung
lymph flow were not different from the values for control ex-
periments with serum alone.

Pulmonary bloodflow. Pulmonary blood flow to the serum-
instilled lobe decreased in the serum-alone experiments to 20%0
ofbaseline values and did not change over 4 h (Fig. 3). However,
after the beta-adrenergic agonists, the blood flow decreased much
less (to - 75% of baseline). Furthermore, the blood flow recov-
ered to baseline levels by 2 h. At 4 h it was even slightly above
baseline levels. After intravenous nitroprusside, the pulmonary
blood flow distribution to the serum-instilled lobe was similar
to the results with beta-adrenergic agonists (Fig. 3).

100 A
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Figure 3. Changes of pulmonary blood flow at 0.5, 1, 2, and 4 h after
instillation of serum alone (n = 2), serum mixed with a beta-adrener-
gic agonist (terbutaline, n = 2; epinephrine, n = 3), and nitroprusside
(n = 3). The terbutaline and epinephrine groups have been pooled be-
cause their effect was similar. The pulmonary blood flow of the serum-
alone experiments was statistically lower than the pulmonary blood
flow of the experiments with beta-adrenergic agonists or nitroprusside
at 0.5, 1, 2, and 4 h after serum instillation.

However, even though nitroprusside produced changes in

pulmonary blood flow similar to those observed with beta-ad-

renergic agonists, it did not increase lung liquid clearance. In

the four experiments with nitroprusside, excess lung water and

the increased protein concentration of the airway liquid were

not different from values for serum alone (Fig. 2).
After nitroprusside, pulmonary arterial pressure decreased

significantly, from 17.7±4.4 mmHg in the baseline period to

15.7±5.0 mmHg in the experimental period. Cardiac output
and left atrial pressure did not change. The excess lymph flow

over 4 h was 16.5±11.2 ml but the lymph-to-plasma protein
concentration ratio (0.72±0.09) was not significantly different

from baseline (0.77±0.04). The excess in lymph flow, but not

the lymph-to-plasma protein ratio, was statistically different from

those measured for serum alone in series 1.

Sodium channel blocker (amiloride). Amiloride completely
blocked the effect of terbutaline on lung liquid clearance (Fig.
4). When either l0-4M or IO-'M amiloride was added to serum

mixed with terbutaline, the excess lung water was not different

from that for serum alone. In addition, the increased protein
concentration ofthe airwayliquid for terbutaline and amiloride

(1.2±0.5 g/dl) was not significantly different from that for serum

alone (1.7±1.5 g/dl).
Hemodynamics were similar to those measured for serum

alone. The excess lymph flow over 4 h with amiloride (10.6±5.9
ml) was greater than that with serum alone (4.7±2.8 ml), but
this difference did not quite reach statistical significance (P< 0.1).
The lymph-to-plasma protein concentration ratio (0.68±0.09)
was not significantly different from baseline (0.72±0.09) and the

ratio was not different from the one observed with serum alone.

Permeability and surface area evaluation. Both the clearance

0
Serum Prop. Prop. & rNilrop.

Terb.

Figure 2. Excess lung water (A) and increase in protein concentration
of airway liquid (B) after various treatments: instilled serum alone (n
= 6), instilled serum mixed with propranolol (n = 4), instilled serum
mixed with propranolol and terbutaline plus intravenous infusion of
propranolol and terbutaline (n = 4), instilled serum plus intravenous
nitroprusside (n = 4). There was no statistical difference between any
groups.

lOG

Excess
Lung 50
Water

(ml)
25-

Serum Terbutaline Amil. & Terb.

Figure 4. Excess lung water
when serum alone (n = 6),
serum mixed with terbuta-
line (n = 6), or serum
mixed with terbutaline and
amiloride (n = 4) was in-
stilled. (*) Statistically dif-
ferent from the value for
serum alone. (t) Statistically
different from the value for
terbutaline.
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ofprotein ('25I-albumin) and the accumulation ofplasma equiv-
alents in the air spaces (13'1-albumin) provide evidence that the
permeability ofthe alveolar barrier to protein was not increased
by beta-adrenergic agonists. Clearance of '25I-albumin from the
lung into the plasma and lymph was not increased when ter-
butaline or epinephrine was mixed with the serum (Table III).
Furthermore, the concentration of '25I-albumin tracer in the
final airway liquid sample paralleled the concentration of the
native protein shown in Fig. 1 B. Recovery of 1251-albumin in
the plasma, lymph, and lung in the propranolol, nitroprusside,
and amiloride experiments was also not different from that for
control experiments with serum alone.

Based on the '3'I-albumin studies, the estimated accumu-
lation of plasma equivalents in the air spaces was not different
when terbutaline or epinephrine was instilled with serum than
when serum alone was instilled (3.3±2.6, 7.3±3.6, and 3.8±2.6
ml, respectively). Similarly, plasma equivalents in the presence
of the other agents (propranolol alone, nitroprusside, and amil-
oride added to terbutaline, 2.1±2.1, 1.4±0.1, 2.3±0.1 ml, re-
spectively) were not different from each other or the value for
serum alone.

The clearance of the smaller tracer molecule [57Colcyano-
cobalamine provides evidence that neither the surface area for
reabsorption nor the permeability of the alveolar barrier was
increased by beta-adrenergic agonists. When either terbutaline
or epinephrine was instilled along with serum, the percent of
[57Co]cyanocobalamine recovered from the lung at 4 h
(90.1±14.1%) was not different from the percent recovered when
serum alone was instilled (90.2±8.6%). Since the clearance of
the [57Co]cyanocobalamine tracer, like the clearance ofprotein,
did not increase, the concentration of tracer in the air spaces
increased parallel to the concentration of the native protein.
Thus, after 4 h, the concentration of tracer in the airway liquid
had increased by 21.8±4.8% in the presence ofserum alone and
by 82.2%±31.3% in the presence of terbutaline or epinephrine.

Discussion

This study demonstrates that beta-adrenergic agonists increase
lung liquid clearance in anesthetized intact adult sheep. We
found that when either terbutaline or epinephrine was instilled
along with serum into the air spaces, the volume ofcleared liquid
was twice as great as when serum alone was instilled. The im-
portance of this beta-adrenergic effect is more apparent when
compared with our previous work in unanesthetized sheep in
which serum alone was instilled. In those sheep, 40.8±8.0 ml

Table III. Recovery of'25I-albumin Tracer Instilled in Serum
Alone and Serum Mixed with Beta-adrenergic Agonists

Recovery of "25I-albumin (% of total instilled)

Lung Plasma and
Experiment n homogenate lymph Total

Serum alone 6 96.2±3.9 1.7±2.1 97.9±4.0
Terbutaline 6 90.7±5.9 3.1±2.7 93.8±4.1
Epinephrine 6 96.7±5.9 1.1±1.1 97.8±5.4

Values are mean±l SD.

of lung liquid was left in the lung after 12 h (5). However, in
sheep given terbutaline, about the same amount of lung liquid
was left in the lung (46.9±6.5 ml) after only 4 h.

There is a trend toward terbutaline having a greater effect
than epinephrine because the mean excess lung water is 12 ml
less after terbutaline than after epinephrine, and also because
the protein concentration of the airway liquid is significantly
greater after terbutaline (13.2±1.9 g/dl) than after epinephrine
(9.8±0.7 g/dl). However, the difference in liquid clearance was
not statistically significant, probably because the beta error (51%)
was too large.

To determine if terbutaline administered by another route
would have an effect similar to that produced by instillation, we
gave terbutaline intravenously in a dose that we previously had
found to be well tolerated hemodynamically in unanesthetized
sheep (17). Since intravenous terbutaline increased lung liquid
clearance slightly, in series 2 we attempted to maximize clearance
by giving terbutaline both intravenously and in the instilled
serum. However, there was no additional effect beyond that for
instilled terbutaline (10-5 M) alone (series 1). The reason that
there was no additive effect may be that a maximal or near-
maximal effect of the beta agonist was achieved with 10-1 M
terbutaline in the instilled serum, although we did not do dose
response curves to establish this with certainty. However, in iso-
lated type II alveolar epithelial cells, lo-5 M is on the plateau
of the dose-response curve for the effect of terbutaline on dome
formation (13), which suggests that 10-5M terbutaline in instilled
serum provides a near-maximal effect. To evaluate the possibility
ofachieving a more dramatic effect with intravenous terbutaline
alone, we would have had to use higher doses of terbutaline.
However, higher doses would alter pulmonary hemodynamics,
thus making interpretation of the results more difficult.

The experiments with the beta-blocker propranolol indicate
that the effect of terbutaline on lung liquid clearance is mediated
through beta receptors. Although we did not specifically attempt
to block the effects of epinephrine, it is likely that these effects
were also mediated by stimulation of beta receptors. Experi-
mental work with isolated alveolar type II cells supports this
hypothesis. In these cells, alpha-adrenergic agonists did not in-
crease the numbers of domes formed (13). However, specific
experiments with alpha-blockers and agonists would be needed
to independently assess this issue in our model. Another finding
from these experiments is that basal beta-adrenergic tone in
anesthetized sheep is probably not an important factor in the
normal clearance of liquid across the alveolar barrier because
propranolol alone did not have an effect on lung liquid clearance.
Similarly, in isolated alveolar type II cells, the presence of pro-
pranolol alone did not decrease the basal number of domes
formed (13).

Our study was also designed to determine which mechanisms
are important in increasing lung liquid clearance in the presence
of beta-adrenergic agonists. The most likely mechanism appears
to be a stimulatory effect on active transport of sodium across
the alveolar barrier with passive movement of chloride and water.
The most direct evidence in this study implicating a sodium-
dependent mechanism is provided by the experiments with the
sodium channel blocker amiloride. Amiloride, at either 10-3 M
or lIO- M, completely blocked the effects of terbutaline on lung
liquid clearance. In prior experiments, when we instilled amil-
oride alone (10-3 or 10-4 M) with serum, lung liquid clearance
decreased by 39% (2). In view ofthese prior results, we anticipated
that when amiloride was added to serum mixed with terbutaline
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(series 5), lung liquid clearance would be slightly less than when

serum alone was instilled. However, the lung liquid clearance
in these two conditions was similar (Fig. 4). Recently, Goodman
et al. (26) reported similar results. In the isolated, perfused rat
lung, amiloride alone reduced sodium transport from the air-
spaces by 30%, terbutaline increased it by 59%, but terbutaline
plus amiloride decreased clearance by only 14%. The most rea-

sonable explanation for these findings is that terbutaline stim-
ulates sodium transport through both amiloride-sensitive and
insensitive pathways. These pathways have been documented
in both freshly isolated type II cells (27), in the intact dog tracheal
epithelium (28), and in sheep segmental bronchial epithelium
(29). Thus, our results suggest that an increase in active transport
of sodium is the likely mechanism for the increased lung liquid
clearance induced by beta-adrenergic agonists. These results in
intact adult sheep are similar to results obtained in other ex-
perimental work with fetal lambs (1 1), isolated rat lungs (12),
and isolated alveolar type II cells (10, 13).

We also considered the role of other possible mechanisms
for increasing lung liquid clearance in the presence of beta-ad-
renergic agonists. First, we considered the possible contribution
of changes in pulmonary hemodynamics. When either terbu-
taline or epinephrine was instilled in the lung, there were no

important changes in the pulmonary hemodynamics or mean
airway pressure. Although these measurements do not precisely
assess lung microvascular pressure, they indicate that changes
in hemodynamics did not have a major influence on the effects
of beta-adrenergic agents.

However, the absence of overall changes in pulmonary he-
modynamics does not eliminate the possibility that changes in
pulmonary blood flow to the serum-instilled lung might have
influenced the rate at which liquid was cleared from the lung.
When we evaluated this possibility, we found that both terbu-
taline and epinephrine substantially inhibited the decrease in
pulmonary blood flow that occurs when serum alone is instilled
into the air spaces of the lung (Fig. 3). To determine if preser-
vation of pulmonary blood flow to the serum-instilled lung is
an important mechanism for the increased lung liquid clearance
observed with beta-adrenergic agents, we studied the effects of
nitroprusside, the vasodilator, on both liquid clearance and pul-
monary blood flow (series 4). We found that nitroprusside in-
hibited the decrease in pulmonary blood flow to the serum-in-
stilled lobe as effectively as terbutaline or epinephrine (Fig. 3).
However, nitroprusside had no effect on lung liquid clearance
(Fig. 2). Therefore, it is unlikely that the increased lung liquid
clearance induced by terbutaline or epinephrine is mediated by
the preservation of pulmonary blood flow to the serum-instilled
lung.

These results on the blood flow distribution to the serum-
instilled lung also provide interesting information on the role
of blood flow in lung liquid clearance in general. Because the
lung liquid clearance of serum alone (76.8±8.0 ml) and of serum
plus intravenous nitroprusside (76.0±8.2 ml) were similar but
changes in pulmonary blood flow were very different in each
situation (Fig. 3), we think that lung liquid clearance is inde-
pendent of blood flow as long as a minimal amount of blood
flow can be maintained. This hypothesis is also supported by
our analysis of the rate of lung liquid clearance from the ho-
mogenous blue area (where 70% of the liquid is instilled) com-
pared with the rate of clearance from the nonhomogenous blue
area. In the serum-alone experiments, the blood flow decreased
to 25% of the baseline in the homogenous area, and we calculated

that 35% of the liquid instilled in this region was cleared. In the
nonhomogenous blue area, where 30% ofthe liquid was instilled,
the blood flow decreased to only 49% of the baseline, and we
calculated that 37% of the liquid instilled in this region was
removed. Thus the rate of liquid clearance was not influenced
by these differences in regional blood flow. However, from these
experiments we cannot determine the lowest level ofpulmonary
blood flow at which liquid can still be cleared from the air spaces
and the lung.

The increase in lung lymph could be a mechanism for the
increased lung liquid clearance since adrenergic agonists can
increase lymphatic pumping activity (30). In fact, when serum

alone was instilled, there was an increase in lymph flow that
could account for 20% ofthe lung liquid that was cleared. When
terbutaline was added to the serum, the increase in lymph flow
was greater and could have accounted for 36% of the liquid
clearance (Table IV). However, even if the fraction of liquid
cleared through the lymphatic system is greater with terbutaline,
the overall increase in lymph flow still accounted for less than
half of the total excess of liquid removed from the lung (Table
IV). Thus, the increase in lymph flow alone cannot explain the
increased lung liquid clearance induced by the beta-adrenergic
agonists. Furthermore, we have previously hypothesized that
when a protein solution is instilled in the air spaces some of the
increase in lymph flow originates from increased microvascular
filtration (3). This hypothesis is supported by the results of the
nitroprusside experiments where excess lung lymph flow was
11.8 ml higher than with serum alone but the lung liquid clear-
ance was not different between the two types of experiments
(Table IV). Also it has been reported in other studies that in-
creased pulmonary blood flow without any changes in micro-
vascular pressure can increase lung lymph flow (31).

Thus, some of the 19.4-ml increase in lung lymph in the
serum-plus-terbutaline studies probably is related to the increase
in pulmonary blood flow to the serum-instilled lobe that occurs
with beta-adrenergic therapy (Fig. 3). In fact, since excess lymph
flow was 10.6 ml in the serum-plus-terbutaline and amiloride
experiments, compared with 4.7 ml in the serum-alone experi-
ments (while lung liquid clearance was the same), it is likely that
the 5.9-ml difference in lymph flow represents the beta-adrenergic
effect ofterbutaline on blood flow and filtration, which amiloride
should not block. The greater excess lymph flow (19.4 ml) in
the serum-plus-terbutaline experiments, compared with the 10.6
ml in the serum-plus-terbutaline and amiloride studies, probably
reflects the addition of liquid from the airspaces. The 8.8-ml
difference in lymph flow accounts for 30% of the excess liquid
cleared from the lung in the presence ofbeta-adrenergic therapy
with terbutaline.

Table IV. Relationship ofLung Lymph Flow to Lung Liquid
Clearance Over Four Hours in Anesthetized Sheep

Excess lung Total liquid
Condition n lymph (ML)* removed (ML)

Serum alone 6 4.7±2.8t 23.6±10.5
Serum + terbutaline 6 19.4±8.4 53.4±11.2
Serum + nitroprusside 4 16.5±11.2 27.1±9.0

* Excess lung lymph = lymph flow (ml/h) after serum instilled minus
baseline lymph flow X 4 h.
tMean±SD.
I Calculated as volume of liquid instilled minus residual excess water
in experimental lung.

Beta-Adrenergic Agonists Increase Lung Liquid Clearance 341



The last two mechanisms for the increased lung liquid clear-
ance induced by beta-adrenergic agonists that we considered
were increased alveolar barrier permeability and increased al-
veolar surface area available for reabsorption. However, neither
ofthese variables increased. In contrast to lung liquid clearance,
the clearance of protein from the air spaces was not increased
by beta-adrenergic agonists as measured either by the lymph or
plasma concentrations or by the residual tracer left in the lung.
The low rate of protein clearance is, in fact, similar to that pre-
viously reported in both anesthetized sheep (3) and unanesthe-
tized sheep (5). Our finding that protein clearance was not in-
creased demonstrates that the permeability ofthe alveolar barrier
to large molecules is not increased by beta-adrenergic agonists.
Unchanged alveolar barrier permeability is also supported by
our finding that the movement ofthe plasma protein tracer ("3II-
albumin) into the air spaces and the clearance of the
[57Co]cyanocobalamine from the air spaces were minimal and
similar for the beta-adrenergic agonists mixed with serum and
for serum alone.

The surface area available for reabsorption could have in-
creased if the bronchodilators and vasodilators terbutaline or
epinephrine opened or dilated some small airways or capillaries.
If there had been a significant increase in alveolar surface area
with either of these agents, we would have expected greater
clearance of [57Co]cyanocobalamine (1,355 mol wt) than of '25I-
albumin (69,000 mol wt). But the clearance of both tracers was
similar. Furthermore, the concentrations of '25I-albumin and
[57Co]cyanocobalamine in the airway liquid rose in parallel to
the concentration of native protein, which is what we would
expect if their clearances were similar but the clearance of small
solutes, such as sodium, was increased by beta-adrenergic ago-
nists. Thus, it appears that movement ofsmall solutes and water
across the alveolar barrier can be increased without either an
increase in alveolar barrier permeability to molecules with a
> 1,000 mol wt or an increased surface area for reabsorption.
Similarly, Crandall et al. (12) have reported that terbutaline in-
creased sodium transport without increasing sucrose transport
across the alveolar barrier of an isolated rat lung.

These slow rates of clearance for the '25I-albumin and

[57Co]cyanocobalamine tracers and the accumulation of 131I-
albumin in the airspaces also support our original observations

(3, 5) that the instillation ofautologous serum into the airspaces
does not cause an injury to the alveolar barrier. However, it is

possible that instillation ofserum into the airspaces releases me-

diators that could influence lung liquid clearance.
Thus, changes in pulmonary hemodynamics, regional pul-

monary blood flow, lung lymph flow, and alveolar barrier per-
meability and surface area available for absorption of liquid do
not account for the effects of beta-adrenergic agonists on in-

creased lung liquid clearance.
The results for liquid and protein clearance are also internally

consistent. Since protein clearance from the air spaces and the

lungs as a whole was not increased by beta-adrenergic agonists,
we would have expected an increase in the alveolar protein con-

centration roughly proportional to the volume ofliquid that was

cleared from the lung. This is what we found when we combined
the data for all the experiments. The relationship between these
two variables was significant, with an R value of 0.77.

Another approach to establishing the internal consistency of
the results is to use a proportion calculation to estimate the

volume of liquid that would be expected to remain in the air

spaces. Since we know the volume ofserum instilled, its protein
concentration, and the final protein concentration in the airway
liquid, we can solve for A, the expected volume remaining in
the air spaces. For example, in the serum-alone experiments, we
instilled 108 ml with a protein concentration of 6.6 g/dl. The
airway liquid had a final protein concentration of8.2 g/dl. Thus,
108 ml X 6.6 g/dl = A X 8.2 g/dl; A = 86.9 ml. This calculation
is based on the assumption that most of the protein left in the
lung is in the airspaces, not in the interstitium. This assumption
is well supported by the small quantities of '25I-albumin in the
lymph over 4 h as well as our prior lavage studies demonstrating
that > 85% of the instilled protein was in the airspaces after 4
h (32). However, since a small fraction of the instilled protein
does leave the air spaces over 4 h, to make this calculation more
accurate, we multiplied the protein concentration in the instillate
by the residual amount of protein tracer ('25I-albumin) in the
lung (Table III). Second, since A should be the water volume
and not the serum volume, we multiplied A, the expected volume
remaining in the air spaces, by the wet/dry ratio of the airway
liquid. Using these two adjustments, A equals 81.0 instead of
86.9 ml. This value is remarkably close to the measured value
of 76.8±8 ml. No adjustment is needed for the final protein
concentration since the '31I-albumin data indicate that very little
plasma protein was added to the alveolar space. When we made
the same calculations for all the experiments in series 1, we
found that the estimated volume in the air spaces was 41.8 ml
for terbutaline vs. a measured value of 46.9 ml, and 54.3 ml for
epinephrine versus a measured value of 56.9 ml.

The difference between the calculated alveolar volume and
the measured lung water should be the excess water or volume
in the interstitium. Because we found that the calculated and
measured volumes were similar, we think that the excess water
we measured is mainly in the air spaces (alveoli). Although our
method of measuring lung water does not provide a direct mea-
sure of alveolar volume because we are measuring excess water
in the whole lung, this last evidence supports the hypothesis that
the main barrier to liquid and protein clearance is the bron-
choalveolar epithelium and not the interstitium.

Whole animal studies are not designed to determine the pre-
cise sites of liquid reabsorption from the airspaces. Reabsorption
could occur through the alveolar epithelium or the bronchial
epithelium. However, there is some evidence that favors the
alveolar level as the primary location for liquid reabsorption.
First, the alveolar surface area provides a larger area for reab-
sorption than the distal airways. Second, recent work (33) dem-
onstrated a 300% greater density ofbeta receptors in the alveolar
wall than the bronchial epithelium. Finally, Ballard et al. (34)
recently reported that reabsorption can occur at the alveolar
level in the isolated rat lung by advancing the liquid into the

alveoli with an immiscible fluorocarbon.
In conclusion, we have found that lung (i.e., alveolar) liquid

clearance is increased by beta-adrenergic agonists in anesthetized,
ventilated adult sheep. This increase is mediated through beta

receptors, and the mechanism appears to depend on stimulation
of active sodium transport from the air spaces into the intersti-

tium across the alveolar barrier. These results provide further

evidence in intact adult animals that active transport of solute

(sodium) can play a role in alveolar and lung liquid clearance,
as has been suggested by work done in preparations such as

isolated alveolar type II cells (7, 9), isolated perfused lungs ( 12),
and intact fetal lambs (4).
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