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Abstract—Uptake and displacement of three adrenergic receptor ligands, [*H]dihydroalprenclol
([PH]DHA), [*H]epinephrine ([*HJEPI) and [*H]clonidine ([PH]JCLON), were examined in isolated
rabbit lungs by recirculating perfusion. Removal of PH|DHA was the most extensive (85% uptake;
6.6 mi/min clearance), [PHJCLON removal was intermediate (50%; 3.8 ml/min), and [*H]JEPI removal
was the lowest (33%; 1.2 ml/min). Specific displacement of each radioligand from lung was attempted
using several competing agents. Both (—)- and (+)-propranolol equally displaced [P(H]DHA from lung.
Phentolamine, (—)-phenylephrine and (—)-epinephrine were unable to displace 10 nM [PH]EPI from
lung, although the latter two agents did produce concentration-dependent increases in perfusion pressure.
High concentrations of (—)-epinephrine, which produced near maximal physiological responses, incon-
sistently displaced 3040 nM [*H]EPI from lung. [*H]Clonidine was displaced by unlabeled clonidine
at concentrations that caused increases in perfusion pressure. Pretreatment of lungs with either 10 uM
phentolamine or phenoxybenzamine did not alter the total amount of ['H)CLON displaced by clonidine,
suggesting that [PH]JCLON was displaced predominantly from non-specific sites, perhaps preventing
detection of [PHJCLON displacement from specific (receptor) sites. Alternatively, these results may
be interpreted as inhibition of uptake of each radioligand. Thus, both (—)- and (+)-propranolol
interfered with [PH]DHA removal, suggesting a common mechanism for uptake and/or retention for
these two B-adrenergic receptor antagonists. Inhibition of [’H]EPI removal was observed only at high
concentrations of (—)-epinephrine which indicates that pulmonary removal of epinephrine occurs
through a low affinity uptake system. [*H]Clonidine removal was effectively inhibited by the same
(uM) concentrations of unlabeled clonidine that produced physiological responses. Neither phentolamine
nor phenoxybenzamine was able to interfere with pulmonary removal of [’HJCLON. Therefore, uptake
and displacement of these adrenergic receptor radioligands showed no correlation with pharmacological
effects produced by these agents in isolated perfused rabbit lung. The results are more closely associated
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with inhibition of removal and/or non-specific retention of the radioligands examined.

It is evident from experiments, both in vitro and in
vivo, that the lung can remove a variety of substances
from the pulmonary circulation [1, 2]. Many of these,
such as the biogenic amines, norepinephrine and
S-hydroxytryptamine, are rapidly metabolized with
subsequent release of the metabolic products from
lung [3-5]. Others, such as the S-adrenergic receptor
antagonist, propranolol, are extensively removed by
lung, but are retained unchanged [6]. Specific sites
for transport and/or retention have not been studied
in detail, although endothelial cells have been pro-
posed as the locus for uptake and metabolism of
many of these substances [7]. Specific binding sites
for several adrenergic receptor ligands have been
demonstrated, but only in membrane fragments of
whole lung [8-11]. One study demonstrated both
uptake into whole lung and binding of
three adrenergic receptor antagonists to different
subcellular fractions of lung [10]. However, specific
binding sites, especially those responsible for the
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pharmacological effects of these substances, have
not been demonstrated in the intact organ. There-
fore, in an attempt to define these sites, we used
rabbit lungs, each perfused simultaneously but
independently in vitro, to examine removal of three
adrenergic receptor ligands, dihydroalprenolol, epi-
nephrine and clonidine, and to assess the correlation
between their uptake and release and the pulmonary
vascular responses produced by these agents.

MATERIALS AND METHODS

Adult male New Zealand white rabbits (1.9 to
2.6 kg) were anesthetized by intravenous injection
of allobarbital (125 mg/kg) and urethane (500 mg/
kg) after administration of 500 units heparin/kg. The
chest was opened and lungs were removed intact.
The trachea and right and left pulmonary arteries
were cannulated, and the lungs were statically
inflated with 30 ml of room air and suspended in a
plexiglass chamber as previously described [12].
Each lung was independently perfused at constant
flow (10 or 20 ml/min, see Results) (Masterflex roller
pump, Cole-Parmer Instrument Co., Chicago, IL)
with Krebs medium containing (mM); NaCl, 118.2;
KCl, 4.74; CaCl,, 2.54; KH,PO,, 1.19; MgS0O,, 1.19;
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NaHCOs, 26.2; dextrose, 11.1; and CaNa,EDTA,
0.027, maintained at 37° and aerated with 95%
Or-5% CO,. Perfusion pressures were continuously
monitored with Statham P23Dc pressure transducers
(Hato Rey, PR) and recorded on a Grass polygraph
(Grass Instruments, Quincy, MA).

After an initial 15-min equilibration period in
which the lungs were perfused with Krebs medium
to clear the vascular space, adrenergic receptor
radioligands were perfused through the lungs in a
recirculating system in which the effluent from each
lung was returned to its respective reservoir con-
taining perfusion medium and labeled drug. Experi-
ments were then carried out in one of two ways: (1)
radioligand and competing unlabeled agent were
simultaneously perfused through one lung, while the
contralateral (control) lung was perfused with radio-
ligand alone, or (2) both lungs were perfused with
radioligand and, when a steady-state plateau level
of uptake was reached, one lung was challenged with
increasing concentrations of an unlabeled drug while
the other lung served as control. Aliquots (0.1 ml)
were taken from each reservoir at time zero for
measurements of initial reservoir concentrations and
at predetermined time intervals thereafter (every
3 min for control lungs; every 1 min for lungs chal-
lenged with unlabeled drug) and transferred directly
to scintillation vials. Water (1.9 ml) and Instagel
(4 ml) (Packard Instrument Co., Downer’s Grove,
IL) were added to each aliquot and radioactivity was
determined in a Packard Tri-Carb liquid scintillation
spectrometer.

Three radiolabeled adrenergic receptor ligands
were used in these studies: [*H]dihydroalprenolol
(3[3H]DHA), [*H]clonidine  ([*H]JCLON) and
[*H]epinephrine ([PH]EPI). For the latter ligand, the
perfusion medium also contained 0.1% ascorbic acid,
10 uM pargyline and 1 mM semicarbazide to prevent
oxidative degradation. The purity of each radio-
ligand was checked by thin-layer chromatography.
During the course of several experiments, the pres-
ence of enzymatic metabolites of each radioligand
in aliquots of perfusates was also assessed by thin-
layer chromatography.

Data analysis. Radioactivity (dpm) present in the
entire reservoir at each time of sampling was cal-
culated from aliquot values (cpm) by applying cor-
rection factors for counting efficiencies, dead-space
volume of the perfusion system, binding of each
radioligand to tubing and the reservoir volume,
including changes due to successive aliquots removed
from the reservoir. These values were then normal-
ized to initial total radioactivity in the reservoir prior
to lung perfusion and plotted as log (percent total
trittum remaining in the reservoir) versus time of
perfusion (min). The slope of the initial linear por-
tion of the curve was used to calculate the rate
constant (k, min"!) for uptake, according to the
equation [13]:

In (A/Ao) = —kt

where A,/Ao represents the fraction of radioactivity
remaining in the reservoir at time, t. The slope of
log A./A¢ vs. t then equals —2.303(k). Clearance
values for each radioligand were then calculated
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according to the equation [14]:
Cl (ml/min) = V, (ml) x k (min ™)

where V, represents initial volume of the reservoir.
Total uptake was determined from the steady-state
plateau level reached in each experiment.
Materials. (—=)-[Propyl-1,2,3-*H]dihydroal-
prenolol hydrochloride (48.6 to 51.1 Ci/mmole),
(—)-N-gmethylﬁH]epinephrine (40.8 Cimmole),
(£)-[7-"H(N)]epinephrine (15.0 Ci/mmole) and [4-
Hlclonidine hydrochloride (22.2 Ci/mmole) were
obtained from the New England Nuclear Corp.,
Boston, MA. (—)-Ascorbic acid (sodium salt), (—)-
epinephrine bitartrate, (—)-phenylephrine hydro-
chloride, pargyline hydrochloride and semicarbazide
hydrochloride were obtained from the Sigma Chemi-
cal Co., St. Louis, MO. The following drugs were
donated: (~)-propranolol hydrochloride and (+)-
propranolol hydrochloride (Ayerst Laboratories,
New York, NY), phentolamine hydrochloride (CIBA
Pharmaceuticals, Summit, NJ), clonidine hydrochlo-
ride (Boehringer Ingelheim Ltd., Ridgefield, CT) and
phenoxybenzamine hydrochloride (Smith Kline &
French Laboratories, Philadelphia, PA). Ail drugs
were dissolved in Krebs medium immediately prior to
use, except phenoxybenzamine which was dissolved
in a small volume of polyethylene glycol and brought
up to volume with Krebs medium. All other reagents
were of the highest purity commercially available.

RESULTS

[*H]Dihydroalprenolol perfusion. Recirculating
perfusion of rabbit lungs with 10nM [*H]DHA is
shown in Fig. 1. Control perfusion of both right and
left lungs (Fig. 1A) showed identical uptake of
[PHJDHA over a petiod of 60 min, when expressed as
percent total tritium remaining in the reservoir. Both
lungs removed approximately 85% of (initial
[PH]DHA present in the reservoir (see Table 1).
When right lung was perfused simultaneously with
(—)-propranolol (10 or 100 uM) and [*H]DHA and
left (control) lung with [PH]DHA alone, an apparent
concentration-dependent inhibition of [*H|DHA
removal was observed (Fig. 1, panels B and C).
Simultaneous perfusion with (+)-propranolol (10 or
100 uM) produced the same effect (Fig. 1, panels D
and E). Several other experiments yielded similar
results, indicating a lack of stereospecificity in the
inhibition of [P[H]DHA removal by propranolol.

Simultaneous perfusion of unlabeled drug with
radioligand allows examination of the effects of only a
single concentration of unlabeled drug on the removal
process. Therefore, the experimental protocol was
changed. Both lungs were perfused with radioligand
until a steady-state level of uptake was achieved, as
determined in control experiments. At that time, one
lung was challenged with increasing concentrations of
anunlabeled drug, added to the reservoir every 5 min,
inan attempt to displace radioligand retained by lung.
Such an experiment using ["[H]DHA is shown in Fig.
2. Control perfusions with 10 nm [PH]DHA alone
(Fig. 2A) again showed identical removal by both
right and left lungs, reaching a plateau at approxi-
mately 20 min. In a separate experiment, right lung
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Fig. 1. Inhibition by propranolol of [P[H[DHA removal in isolated perfused rabbit lung. Lungs were

perfused with 10nM [PH]DHA. (A) Control perfusions are shown for both right (@——@) and left

(O—0) lungs. (B) and (C): The right lung was perfused simultaneously with [PH|DHA and (-)-

propranolol (10 and 100 uM); the left lung was the control. (D) and (E): Asin (B) and (C), but with (+)-

propranolol. Flow rate: 10 ml/min; reservoir volume: 100 ml. Results are from individual experiments.
NOTE: in all figures (@——@) represents right lung and (O——O) represents left lung.

was challenged with increasing concentrations of
(—)-propranolol starting 30 min after perfusion with
[*HIDHA was initiated (Fig. 2B). There was an
apparent concentration-dependent displacement of
[’H]DHA from lung back into the reservoir (perfus-
ate) (increase in percent total °H), compared with left
control lung perfused with ["H|DHA alone, which
remained at the steady-state level of removal. (+)-
Propranolol produced similar results over the same
concentration range (Fig. 2C).

It should be noted that, in these and all subsequent
experiments, the concentrations of unlabeled drug
added to the reservoir represented initial reservoir
concentrations, uncorrected for either removal by
lung or cumulative increase with successive additions.

[PH)Epinephrine perfusion. Since ["HIDHA was

removed so extensively by lung, perhaps indicating
very high non-specific binding and thus preventing
detection of specific displacement, we chose to use a
ligand removed to a much lesser degree by lung,
namely [*H]EPI [12, 15, 16]. Results of represen-
tative experiments are shown in Fig. 3. Control per-
fusions showed similar removal of [PH|EPI (33%)
by both right and left lungs (Fig. 3A; Table 1). Per-
fusion pressures remained constant for the dura-
tion of the experiment (Fig. 3A). When the right
lung, perfused with 10 nM [°H]EPI, was challenged
with increasing concentrations of the a-adrenergic
receptor agonist, (—)-phenylephrine, a con-
centration-dependent increase in perfusion pressure
was observed (Fig. 3B). However, there was no
apparent displacement of [PH]JEPI from lung back
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Fig. 2. Displacement by propranolol of ['H]DHA from isolated perfused rabbit lung. (A): Control

perfusions with 10nM [*H]DHA. (B): Challenge of right lung beginning at 30 min with 1ncreasing

concentrations of (—~)-propranolol; left lung was control. (C): As in (B), but with (+)-propranolol. Flow

rates: 20 ml/min (A), 10 ml/min (B and C); reservoir volume: 50 ml. Results are from individual
experiments.

into the reservoir. Left (control) lung removal of
[PH]EPI remained constant, as did perfusion pres-
sure. In other experiments, increasing concentrations
of the a~receptor antagonist, phentolamine, also did
not displace [’H]EPI from lung (data not shown).

Unlabeled (—)-epinephrine should displace
[*H]EPI quite effectively. Challenge of the right lung,
perfused with 10 nm [*H]EPI, with increasing concen-
trations of (—)-epinephrine resulted in a
concentration-dependent increase in perfusion pres-
sure, which was reversed by phentolamine, but no
apparent displacement of [P H]EPI compared with left
control lung was observed (Fig. 3C). Increasing the
concentration of [*H]EPI perfusing the lungs to 30—
40 nM with subsequent challenge of one lung with
(—)-epinephrine resulted in inconsistent displace-
ment of [*H]EPI from the lung. When apparent
displacement was observed, it occurred only at high
concentrations of (—)-epinephrine which produced
near-maximal physiological responses (Fig. 3D).

[*H]Clonidine perfusion. The final agent examined
was clonidine, a known a-receptor partial agonist in
rabbit pulmonary artery [17]. Lung removal of
[PH]JCLON was found to be intermediate between
[PHIDHA and [PH]EPI; total uptake was approxi-
mately 50% (Table 1). Pulmonary removal of
[*H]CLON in control perfusions (Fig. 4A) reached
and remained at a plateau level from 15 min after
initiation of perfusion until the experiment was ter-
minated at 60 min. Right and left lung removals were
identical. Neither challenge with phentolamine nor
(—)-phenylephrine at concentrations up to 100 uM
was able to displace 10 nM [P H]CLON from lung (data
not shown). When lungs were perfused with 20 nM
[PHJCLON, unlabeled clonidine was able to displace
[*H]CLON from both right (Fig. 4B) and left (Fig. 4C)
lung, compared to contralateral control lung. This
effect occurred at the same concentrations of cloni-
dine that produced an increase in perfusion pressure
which was antagonized by phentolamine (100 M)
added at the end of the experiment (Fig. 4C). Such
results suggested the possible specific displacement of
[*H]JCLON from lung corresponding to the physio-
logical response produced by clonidine.

In an attempt to characterize these effects, a series
of experiments were conducted in which both lungs
were perfused with 10 uM phentolamine for 15 min,
followed by perfusion with 20 nM [PH]JCLON. One
lung was then challenged with increasing concentra-
tions of clonidine. As the results in Fig. 4D indicate,
there was antagonism of the vasoconstrictor response
to low concentrations of clonidine, as expected with
an a-receptor antagonist, and a corresponding
decreasein the displacement of PH]CLON from lung.
These data suggested that phentolamine may indeed
have competitively inhibited [P’HJCLON interaction
with a-adrenergic receptors, effectively reducing the
amount of [*HJCLON to be specifically displaced
from lung by clonidine. The results of a number of
these experiments are shown in Fig. 5. There was no
difference in apparent displacement of [PH]CLON
from lung by clonidine between control lungs and
those pretreated with 10 uM phentolamine.

Similar experiments were performed with the irre-
versible a-receptor antagonist, phenoxybenzamine.
In these studies, one lung was pretreated, with phen-
oxybenzamine followed by perfusion of both with
50 nM [*H]CLON. Both lungs were then challenged
with increasing concentrations of clonidine. An
experiment in which the right lung was pretreated
with phenoxybenzamine and left lung served as con-
trol is shown in Fig. 6A. Displacement of [°’H]JCLON
from both lungs was identical. The results of several
experiments (Fig. 6B) indicated that displacement of
[PH]JCLON was not altered by the presence of phen-
oxybenzamine which irreversibly removes a portion
of the a~receptor population from the total pool with
which PHJCLON interacts (and which prevented
vasoconstriction with clonidine up to 30 uM).

Clearance and total uptake. Values for both clear-
ance and total uptake of each radiolabeled ligand are
shown in Table 1. Approximately 85% uptake of
[PH]DHA occurred in both right and left lungs; thus,
clearance of [PH|DHA was the highest of the three
ligands tested. Both pulmonary clearance and total
uptake of [°’H]EPI were the lowest of the three ligands
studied, with the corresponding values for [*’H]CLON
being of intermediate magnitude. These clearance
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Fig. 3. Uptake and displacement of [°’HJEPIL. (A): Control perfusions with 40 nM (=)-[*H]EPI showing
similar uptake in both right and left lung. Perfusion pressures are below uptake curves; the upper tracing
represents left lung and the lower tracing represents right lung in all panels. (B): Both lungs were perfused
with 10 nM (—)-[*H]EPI and at 16 min the right lung was challenged with increasing concentrations of
(—)-phenylephrine. (C): Both lungs were perfused with 10 nM (—)-[°H]EPI and at 20 min the right lung
was challenged with increasing concentrations of (—)-epinephrine, and at 60 min with 100 uM phentolam-
ine (PHENTOL). (D): The concentration of (—)-[*H]EPI perfusing the lungs was increased to 30~40 nM
and, beginning at 55 min, 10-100 uM phentolamine was given. Flow rate: 20 ml/min; reservoir volume:
50 ml. Perfusion medium contained 0.1% ascorbic acid, 10 uM pargyline and 1 mM semicarbazide to
prevent oxidative degradation of epinephrine. Results are from individual experiments.

Table 1. Removal of ['H]DHA, [*H]EPI and [*H]CLON by isolated perfused rabbit lung*

Clearancet (ml/min) Total uptakesf (%)
Ligand Left Right Left Right
[*H]DHA 6.54 £ 0.21(17) 6.84 £ 0.34(9) 87.1+1.1(17) 842+1.2(9)
[PH]EPI 1.12 £ 0.12(11) 1.20 £ 0.14 (11) 33.6+2.1(9) 33.2x2.0(8)
[*HJCLON
Control 3.35 +0.31(91) 4.14 = 0.28(11) 47.2+£1.9(11) 51.8 = 1.4(11)
Phentolamine 3.63 = 0.27(8) 4,10 = 0.18(8) 50.9 = 1.8(9) 56.3 £1.8(9)

* Results are from perfusions with 10 nM [*H]DHA, 10 and 30-40 nM [*H]EPI and 20 nm [*H]CLON
(control and in the presence of 10 uM phentolamine). Each value is the mean * S.E. (n).

T Clearance values were calculated as described in Materials and Methods.

i Total uptake represents combined values from the entire plateau level of uptake in control perfusions
and from plateau level of uptake during the control period immediately preceding challenge with unlabeled
drug.
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Fig. 4. Uptake and displacement of [PHJCLON. (A): Control perfusions of both right and left lungs with

10 oM [PHJCLON. (B) and (C): Displacement of 20 uM [PH]CLON by clonidine, from right (B) and left

(C) lungs, and effects of 100 uM phentolamine (PHENTOL) on perfusion pressure. {D): Pretreatment of

both lungs with 10 uM phentolamine for 15 min, followed by perfusion with 20 aM [PHJCLON. Flow rate:
20 ml/min; reservoir volume: 50 ml. Results are from individual experiments.
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Fig. 5. Effect of phentolamine on "HJCLON displacement. Lungs were perfused with 20 nM [’H]JCLON in

the absence (control, @) or presence of 10 uM phentolamine (O) and then challenged with increasing

concentrations of unlabeled clonidine, as in Fig. 4, panels B-D. Data from both right and left lungs were
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estimates (Table 1) may be compared with those
calculated from earlier experiments using single-pass
perfusion of rabbit lungs [12]: S-hydroxytryptamine,
5.6 ml/min; norepinephrine, 3.89 mi/min; epine-
phrine, 1.29 ml/ml.

Thin-layer chromatographic analysis of perfusate
samples showed no evidence of enzymatic degrada-
tion of [PHJDHA, [*'H]EPI or [*HJCLON for the
duration of perfusion under conditions used in these
experiments. This finding was also confirmed by the
steady-state plateau level of removal. If metabolites
hadbeen formed, they would have beenreleased from
lung into the perfusate and the total tritium curve
would have risen rather than remain constant. Such
an effect has been observed for uptake of a rapidly
metabolized amine, 5-hydroxytryptamine, in a recir-
culating perfusion system [18]. Since this did not occur
in our experiments, rapid metabolism and release of
metabolites from lung apparently did not take place
for PH]|DHA, [*H]EPI or [°’H]CLON.

DISCUSSION

Uptake and displacement of three adrenergic
receptor radioligands were examined in isolated per-
fused rabbit lungs. Pulmonary removal of [’"H]DHA,
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a f-adrenergic receptor antagonist, was approxi-
mately 85% in both right and left lungs, a value in
good agreement with that reported by Blanck and
Gillis [10] using a similar preparation. The absence of
[PH]IDHA metabolism in our study also confirms
previous data [10]. Extensive pulmonary removal of
DHA, without subsequent metabolism, is similar to
the previously reported fate of propranolol [6, 10],
which is also a lipophilic 8-adrenergic receptor antag-
onist. In contrast, removal of epinephrine by lung is
quantitatively small [12, 15, 16]. In the present study,
total uptake of [PH]EPI was somewhat higher than
that generally observed, although calculated P H]EPI
clearance was similar to that previously reported
during single-pass perfusion of rabbit lungs [12].

Since there was no enzymatic degradation of
[*H]DHA, [*'H]EPI or [’H]CLON, expression of data
as percent total tritium (i.e. unchanged ligand)
remaining in the reservoir versus time of perfusion
was considered valid. Expressed in this manner,
removal of each ligand was similar in both right and
left lungs (Table 1); thus our experimental design
legitimately involved study of the effects of drug
intervention in one lung while the contralateral lung
(simultaneously perfused) served as control.

A previous study [10] showed that after a 10-min
perfusion [*H]DHA retained by rabbit lung was
almost entirely (97%) associated with particulate
material. It appeared reasonable then to attempt to
characterize specific sites of sequestration for
[*H]DHA in intact rabbit lung. We first used the
paired lung preparation where one lung was perfused
with [PH]DHA alone and the other with both
[*H]DHA and propranolol simultaneously. The dif-
ference in [PH]DHA retention by the two lungs is
taken as an approximation of specific ligand binding,
based on the assumption that propranolol would
interfere with only [PH]DHA interaction at specific
binding sites (presumably S-adrenergic receptors).
This assumption is fundamental to radioligand-recep-
tor binding studies in membrane fragments in vitro
[19], unless interference with non-specific binding is
apparent [20]. Our data indicate that both (—)- and
(+)-propranolol interfere equally with lung removal
of ["H]DHA (Fig. 1, panels B-E). Such lack of
stereospecificity is inconsistent with interaction with
specific sequestration sites for PH]DHA.

A shortcoming of this method was that only one
concentration of unlabeled competing agent could be
examined during each lung perfusion. Therefore, in
our second approach, both (~)- and (+)-propranolol
(over the same concentration range) were able to
displace [’H|DHA from lungs (Fig. 2, panels B and
C), again indicating a lack of stereospecificity of the
process. Thus, we could not demonstrate specific
sequestration of [’H]DHA by lung. This may reflect
the fact that non-specifically bound [*H]DHA was
displaced to a large extent, and specifically bound
[P*H]DHA accounted for only a small percentage of
the total [*H]DHA displaced by propranolol.

Since [PH]DHA removal was so extensive, we next
used epinephrine, which is removed to a limited
degree by perfused lung but which acts at both a- and
B-adrenergic receptors. Displacement of specifically
bound [PH]EPI was also not observed, even with
agents such as phenylephrine and epinephrine which
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produced concentration-dependent increases in per-
fusion pressure (Fig. 3, panels B and C). Possibly
epinephrine, a full agonist, interacts with only a small
percentage of the entire receptor population in order
to produce its physiological effects. Therefore, dis-
placement of specifically bound [PH]EPI may be too
small to observe. Use of a partial agonist, which is not
removed as extensively as the receptor antagonists
propranolol, dihydroalprenolol and dihydroergo-
cryptine [10], may circumvent this problem, since
the former would be expected to interact with a
much larger percentage of the receptor population
to produce its physiological effects. Clonidine, a
partial a-receptor agonist in rabbit pulmonary artery
[17], was chosen.

When the concentration of [PH]JCLON perfused
was 20 nM, unlabeled clonidine effectively displaced
[*H]CLON from lung (Fig. 4, panels B and C). Most
importantly, displacement of [PHJCLON occurred
over the same concentration range of unlabeled clon-
idine which produced vasoconstriction (i.e. increases
in perfusion pressure). These results suggested that
displacement of [PHJCLON from specific sequestra-
tion sites, presumably a-adrenergic receptors, was
occurring. To test this hypothesis we undertook
“receptor protection” experiments. In this approach,
lungs were pre-perfused with 10 uM phentolamine
followed by perfusion with [PHJCLON; finally one
lung only was challenged with unlabeled clonidine.
Results of these experiments, such as the one shown
in Fig. 4D, suggested that phentolamine antagonized
both displacement of [*'H]JCLON and the a-receptor
mediated vasoconstrictor effects of low concentra-
tions of clonidine.

Theoretically, differences in displacement in the
absence and presence of phentolamine, i.e. total
displacement minus non-specific displacement,
respectively, should represent displacement of
[PHJCLON from specific (presumably a-receptor)
sites in lung. This is based on the assumption that
phentolamine would interfere with [’H]JCLON inter-
action only at a~adrenergic receptors and not at non-
specificsites of uptake or sequestration. As the results
in Fig. 5 indicate, however, phentolamine had no
effect on the [’H]CLON displacement curve. Experi-
ments with the irreversible a-receptor antagonist,
phenoxybenzamine, yielded similar results (Fig. 6B).
Displacement of specifically sequestered [P(H]CLON
in rabbit lung could not, therefore, be detected, either
with the use of agents which caused vasoconstriction
(phenylephrine, clonidine) or antagonized these
effects (phentolamine, phenoxybenzamine) in the
pulmonary vasculature.

We found no correlation between uptake and dis-
placement of sequestered ["H]DHA, [PH]EPI or
[*H]CLON and the pharmacological effects of these
agents in isolated perfused rabbit lung. Thus, direct
determination of specific sites at which these effects
occur, presumably a-adrenergic receptors for
[FH]DHA, a-adrenergic receptors for ?’HJCLON and
both for [P HJEPI, was impossible. Perhaps extensive
displacement of non-specifically sequestered radioli-
gand prevented detection of the small amount of
specifically bound drug.

An alternative interpretation of our data is the
following. Both (—)- and (+)-propranolol decreased
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removal of [PH]DHA when each was perfused simul-
taneously with [PH]DHA (Fig. 1). These results may
alsoreflect inhibition of PH]DHA uptake by propran-
olol, rather than prevention of ["H]DHA binding in
lung. This conclusion is supported by the fact that
both of these B-adrenergic antagonists were exten-
sively removed by lung (Table 1) [6, 10] and that
uptake of propranolol by lung may, in part, be a
saturable and energy-dependent process [6, 21, 22]
which may involve facilitated transport in addition to
its lipid solubility and diffusion through cell mem-
branes [6]. Possibly propranolol and [P(H]DHA share
a common mechanism of pulmonary removal, and
thus they may compete for the same site(s). In this
event, high concentrations of propranolol may satu-
rate these sites, thereby inhibiting ['H]DHA uptake.
Also, pulmonary removal of other substrates, such as
norepinephrine [23], lacks stereospecificity. There-
fore, lack of stereospecificity exhibited by propranolol
also suggests interference with the PH]DHA uptake
process and, indirectly, that pulmonary removal of
propranolol, itself, may not be stereospecific.

Similar conclusions can be drawn from experiments
where unlabeled drugs were used to displace radioli-
gand from lung. In the case of [°’H|DHA, both (-)-
and (+)-propranolol, over the same concentration
range, progressively increased the ["H[DHA content
of the perfusion medium (Fig. 2, panels B and C). If
steady-state level of [PH]DHA removal reflects equi-
librium between uptake into and release from lung,
then the effect of propranolol can again be interpreted
as interference with [*H]DHA uptake. In this experi-
mental situation, propranolol may inhibit PTH]DHA
uptake much more than release, the net result being
an increase in ["H]JDHA content of the perfusate.
[*H]DHA release from lung may then continue, unre-
lated to the decrease in [’H]DHA uptake produced by
propranolol. The lack of stereospecificity shown by
propranolol, as observed in the simultaneous perfu-
sion studies, again suggests interference with the
uptake process. These effects of propranolol are
unlikely to be non-specific since a 10 uM concentra-
tion of this agent fails to inhibit pulmonary removal of
norepinephrine or 5-hydroxytryptamine [24].

These results suggest, therefore, that at least two
lipophilic B-adrenergic receptor antagonists, dihy-
droalprenolol and propranolol, share common
removal and/or retention processes in lung (neither
can be excluded at this time). This is significant in
relation to recent reports on the saturability of pro-
pranolol removal in human lung [22]. Increased
arterial levels of this B-receptor antagonist were
observed in patients on chronic propranolol therapy
versus normal control subjects {22]. Possibly, many
B-adrenergic receptor antagonists utilize and, there-
fore, compete for similar uptake and/or sequestration
sites, resulting in inhibition of removal or retention by
lung with associated increased arterial levels of
propranolol.

Similar interpretations may be applied to [*H]EPI
and [*HJCLON studies. Removal of [*H]EPI, per-
fused through the lungs at an initial concentration of
10 nM, was unaffected by increasing concentrations
of (—)-phenylephrine, phentolamine or even (—)-
epinephrine. However, high concentrations of (—)-
epinephrine (> 10 uM) inconsistently displaced
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[*H]EPI perfused at initial concentrations of 30-
40nM. Displacement did not correlate with
epinephrine-induced vasoconstriction which was near
maximal at 10-30 uM. These results do suggest, how-
ever, that epinephrine may compete with [*H]EPI
uptake at sites having a relatively low affinity without
decreasing the rate of release of ["H]EPI from lung.
Thus, 10nM [PHJEPI may have been too low a
concentration at which to observe this low affinity
uptake (therefore, no apparent displacement was
seen) and low concentrations of unlabeled epineph-
rine were without effect even with 30-40 nM ["H]EPI.
Higher concentrations of (—)-epinephrine, which
apparently exceeded threshold levels, were required
to inhibit [*H]EPI removal by effectively competing
for low affinity uptake sites.

Similarly, increasing concentrations of unlabeled
clonidine caused a net increase in [PHJCLON content
of the perfusate (Fig. 4, panels B and C), which was
not correlated with displacement from specific recep-
tor sites (Figs. 5 and 6). Presumably, clonidine was
competing with ["HJCLON at uptake sites, so that
[PHJCLON uptake was effectively inhibited, while
release of retained [*H]CLON from lung continued
unaffected. Neither phentolamine nor phenoxyben-
zamine affected displacement of [’HJCLON (Figs. 5
and 6) or [PHJCLON clearance and total uptake
(Table 1). Both of these a~adrenergic receptor antag-
onists inhibited norepinephrine uptake in rabbit
lungs, but did not affect 5-hydroxytryptamine accu-
mulation [24]. Although these latter studies used
single-pass perfusion (therefore, a 10 uM concentra-
tion of these antagonists perfusing the lungs was
constant, whereas in recirculating perfusion thereis a
decrease in their concentration due to pulmonary
removal), they suggest that in our experiments
[PBH]JCLON removal did not proceed by the same
mechanism used for norepinephrine uptake. This
conclusion is also supported by the fact that phento-
lamine, phenoxybenzamine [25,26] and clonidine
[27] inhibit extraneuronal uptake of norepinephrine.
Since neither 10 uM phentolamine nor 10 uM phen-
oxybenzamine inhibited [PHJCLON removal, it
appears that the uptake of [PHJCLON by lung may
have occurred through a different mechanism.

In each series of experiments, micromolar concen-
trations of unlabeled competing agent were required
to effectively displace radioligand from lung. Such
concentrations are more closely associated with
uptake processes rather than with receptor interac-
tions which are expected to occur at lower concentra-
tions. This was particularly true for epinephrine which
causes receptor-mediated physiological effects at
relatively low concentrations. In contrast, clonidine is
a less potent agonist and produced physiological
responses at concentrations associated with uptake
processes; thus apparent displacement of [*HJCLON
was produced at the same concentrations of clonidine
that caused increased perfusion pressures, although
the two processes were apparently not related. In
conclusion, therefore, our results revealed no corre-
lation between displacement of specifically retained
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radioligand and receptor-mediated physiological
responses. In fact displacement was more closely
related to inhibition of uptake and/or non-specific
retention of the radioligands tested.
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