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B-Adrenergic receptor (BAR) agonists accelerate the clearance
of edema from the alveolar airspace by increasing the function
of epithelial transport proteins, including epithelial Na+ chan-
nels and Na,K-adenosinetriphosphatases. To improve our
understanding of the role of the ,AR in regulating alveolar
fluid clearance, we used an adenoviral-mediated gene transfer
strategy to effect significant increases in membrane-bound
3,AR number and function in the alveolar epithelium of nor-
mal rats. Alveolar fluid clearance in 3,AR-overexpressing
lungs, measured by means of an isolated lung model in the
absence of catecholamine supplementation, was 100% greater
than in controls. These findings were associated with signifi-
cant increases of epithelial Na* channel function and Na,K-
adenosine triphosphatase function in the peripheral lung.
Experiments performed with adrenalectomized rats, a 3,-ago-
nist (procaterol), and a nonspecific J-antagonist (propranolol)
indicate that overexpression maximally up-regulates [3,-adren-
ergic-responsive alveolar fluid clearance and improves respon-
siveness to endogenous catecholamines. Mechanistic studies in
human lung epithelial cells (A549) indicate that receptor over-
expression prevents homologous receptor desensitization, pos-
sibly by overwhelming endogenous regulatory pathways. Our
studies demonstrate that overexpression of ,AR in lung
epithelial cells can be used to study the role and regulation of
alveolar ,ARs. They also suggest a therapeutic role for the
,AR in the treatment of pulmonary edema. (J Allergy Clin
Immunol 2002;110:S242-6.)
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Edema fluid is cleared from the alveolar airspace by
active Nat transport processes that can be accelerated by
both B;-adrenergic receptors ($;ARs) and B,ARs.1-# This
active transport is accomplished by alveolar epithelial
transport proteins, including basolaterally located Na,K-
adenosinetriphosphatases (Na,K-ATPases) and apically
positioned Na* entry pathways such as the amiloride-
sensitive epithelial Nat+ channel (ENaC).5> These trans-
porters extrude Na* from the airspace, generating a
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Abbreviations used
adB,AR: Adenovirus containing, in part, a human $,AR
cDNA
adNull: Adenovirus not containing cDNA
AFC: Alveolar fluid clearance
ATPase: Adenosine triphosphatase
BAR: B-Adrenergic receptor
cAMP: Cyclic adenosine monophosphate
ENaC: Epithelial Na* channel
GRK2: G-protein—coupled receptor kinase 2

transepithelial osmotic gradient that causes movement of
fluid from the alveolus through transcellular and para-
cellular pathways (Fig 1). Data from human studies and
experimental models indicate that these transporters may
be down-regulated or dysfunctional in the setting of
acute lung injury.6-12 These findings suggest that pul-
monary edema is due not only to increased fluid flux into
the airspace but also to impairment of clearance mecha-
nisms. In support of this paradigm, we have reported that
adenoviral-mediated overexpression of Na,K-ATPase
subunit genes increases active Na* transport in human
and rat lung epithelial cells®13:14 and mitigates oxidant-
mediated decreases in active Nat transport in rat fetal
distal lung epithelial cells.!5 These findings correlate
with significant increases in alveolar fluid clearance
(AFC) in normal rats!3 and in rats with high- and low-
pressure pulmonary edema.016 Other groups have simi-
larly reported that Na,K-ATPase gene transfer attenuates
thiourea-induced lung injury in mice.!7 These studies
demonstrate that enhancement of alveolar epithelial
active Na* transport and maintenance of a “dry” alveolus
can protect the lung from acute injury.

B-Agonists increase active Na* transport in alveolar
epithelial cells,2!8 normal animal lungs,41920 and
injured animal lungs!0 by up-regulating both apical Na+
entry pathways (including ENaCs)2! and basally posi-
tioned Na,K-ATPases. This up-regulation can be effected
by both ;ARs and B,ARs3:22 and is due to new message
transcription, enhanced trafficking of transport proteins
to the cell membrane, and increased activity of solute
transporters in the cell membrane.#23.24 Recently, it has
been reported that subcutaneous infusion of a nonspecif-
ic B-agonist (isoproterenol) for 48 hours significantly
diminishes lung BAR density and B,AR-sensitive edema
clearance in rat lungs.25 The attributes of B-agonists
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FIG 1. Clearance of pulmonary edema by active Na+ transport. Alveolar epithelial transport proteins gener-
ate a transepithelial osmotic gradient that causes fluid to move out of the airspace by transcellular and

paracellular pathways.

combined with the propensity of alveolar B,ARs for
homologous desensitization prompted us to hypothesize
that overexpression of a 3,AR in the alveolar epithelium
of normal rats could improve 3,AR function, alter recep-
tor desensitization patterns, and enhance catecholamine-
responsive active Nat transport.

To test our hypothesis, we used a surfactant-based
delivery system to spontaneously infect breathing adult,
male Sprague-Dawley rats with Ela~/E3~ adenoviruses
that contain expression cassettes with a human
cytomegalovirus immediate-early gene promoter-
enhanced element and either a human B,AR cDNA
(adB,AR) or no cDNA (adNull).26 Rats were infected
with 4 x 109 pfu of adenovirus and then were allowed 7
days of recovery to allow vector-induced host responses
to subside. We have previously reported that this method
yields widespread gene transfer that is confined to the
alveolar epithelium in normal and injured rat lungs.6-13.27
To confirm that our strategy effected efficient gene trans-
fer, total RNA and protein were prepared from whole-
lung homogenates for reverse transcriptase—polymerase
chain reaction and Western analyses with human 3,AR-
specific primers and antibodies. These studies demon-
strated high-level expression of human $,AR mRNA and
protein in adf,AR-infected lungs. Immunofluorescent
staining localized the transgene to the alveolar epitheli-

um. Confirmation of appropriate trafficking of the trans-
genic B,AR to the cell membrane was obtained by West-
ern analysis of whole-cell membrane fractions isolated
from the peripheral 2 to 3 mm of the lung. Membrane-
bound human B,AR was noted only in adB,AR-infected
lungs. Transgene function was assayed by measuring
cyclic adenosine monophosphate (cAMP) production by
cell membranes from the peripheral lung in the presence
and absence of the B,-agonist procaterol (10-8 mol/L X
30 minutes). B,AR function in receptor-overexpressing
lungs was increased up to 5-fold as compared with mem-
branes from controls. These experiments indicate that
adenoviral-mediated gene transfer can produce overex-
pression of a functional human B,AR in the alveolar
epithelium of normal rats.

To test whether alveolar 3,AR overexpression has a
physiologically relevant effect on alveolar active Na*
transport, we infected normal rats with adf,AR or
adNull as described above and measured AFC by using a
fluid-filled, perfused, isolated lung model that allows for
concurrent measurement of edema clearance and alveo-
lar permeability.6-13 Clearance in these f,AR-overex-
pressing lungs was 100% greater than in sham-infected
and adNull-infected controls (n = 5 per group) and ~40%
greater than in control lungs treated with high-dose pro-
caterol (10-6 mol/L, via the alveolar instillate and vascu-
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FIG 2. Alveolar fluid clearance in isolated rat lungs. Alveolar fluid
clearance in uninfected rat lungs with and without addition of the
B,AR-specific agonist procaterol (106 mol/L) (control and control
plus procaterol) and lungs 7 days after adB,AR, adNull, or sham
infection. Addition of procaterol to the alveolar instillate and vas-
cular perfusate of adB,AR-infected lungs did not increase alveolar
fluid clearance more than B,AR overexpression alone (rightmost
bar). Data are mean = SD. *P < .01 vs uninfected controls. (From
Dumasius V, Sznajder JI, Azzam ZS, et al. B,-Adrenergic receptor
overexpression increases alveolar fluid clearance and respon-
siveness to endogenous catecholamines in rats. Circ Res
2001;89:907-14. With permission).

lar perfusate) during the clearance measurements (Fig 2).
Treatment of B,AR-overexpressing lungs with procaterol
during clearance measurements did not increase clear-
ance further, suggesting that receptor overexpression
maximally up-regulates B,AR-sensitive AFC.

To develop an understanding of how B,AR overex-
pression increases active solute transport, we assayed
apical Na* channel function by instilling the Na* channel
blocker amiloride (10-¢ mol/L, n = 4/group) into the
alveolar airspace during the isolated lung studies and
observed that B,AR-overexpressing lungs were 100%
more sensitive to amiloride than were similarly treated
sham-infected and adNull-infected controls. Western
analysis of apical cell membrane fractions isolated from
the peripheral lung showed a 100% increase in mem-
brane-bound expression of the o-subunit of the ENaC
only in adf,AR-infected lungs. In parallel studies, we
measured ouabain-sensitive ATP hydrolysis by basolater-
al cell membranes isolated from the peripheral lung.
Doing so in the presence of high [Na*] and low [K*] pro-
duces an index of functional, membrane-bound Na,K-
ATPase number. These experiments revealed that recep-
tor overexpression increases basolateral membrane
Na,K-ATPase abundance by >300%. These data indicate
that augmentation of alveolar epithelial B,AR function
up-regulates both apical Nat entry pathways (ie, ®ENaC)
and basolateral Na,K-ATPases.

The observed increases in AFC in the absence of cat-
echolamine supplementation raises concerns of consti-
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tutive receptor activity. Thus, we measured the effects
of B,AR overexpression on AFC in rats with reduced
serum catecholamine levels after adrenalectomy and in
rats treated with the nonspecific B-antagonist propra-
nolol (I mg/kg TID x 5 days). B,AR overexpression
did not increase AFC in these lungs to the same degree
as that seen in normal rats, indicating that receptor
overexpression improves responsiveness to endoge-
nous catecholamines rather than causing constitutive
receptor activity.

An alternative explanation for the finding of increased
AFC in the absence of exogenous agonists might be that
receptor overexpression alters receptor-regulatory path-
ways that affect sensitivity to -agonists. To test this
hypothesis, we overexpressed the B,AR in human lung
epithelial cells (A549) by using a previously established
adenoviral-mediated gene transfer strategy.!4 Infection of
these cells with 50 pfu/cell of adP,AR significantly
increased B,AR procaterol-sensitive cAMP levels in
whole-cell homogenates. To pursue how overexpression
affects B,AR desensitization patterns, adf,AR-infected,
adNull-infected, and sham-infected control cells were
treated with procaterol (10~ mol/L in the presence of
isobutylmethylxanthine [10# mol/L]) for up to 60 min-
utes beginning 48 hours after infection. cAMP produc-
tion in cells infected with adNull rose by >300% within
5 minutes and promptly tapered off to a level similar to
that of baseline within 7 minutes. Conversely, in 3,AR-
infected cells, cCAMP production increased by >500%
from baseline. No significant diminution in cAMP levels
was observed in adB,AR-infected cells, suggesting that
receptor overexpression attenuates homologous desensi-
tization in this model. To gauge receptor regulation in the
setting of overexpression, we measured membrane-asso-
ciated levels of G-protein—coupled receptor kinase 2
(GRK2) by Western analysis. B,AR-overexpressing cells
demonstrated progressive decreases of GRK2 levels,
whereas adNull-infected controls showed a progressive
increase. In light of this early data, we hypothesize that
receptor overexpression in lung epithelial cells may not
be associated with the compensatory increase in receptor
phosphorylation that would be expected in the presence
of high levels of intracellular cAMP.

CONCLUSIONS

Our study demonstrates that overexpression of a B,AR
gene in the alveolar epithelium can augment alveolar
B,AR function and positively affect AFC. These effects
are mediated by up-regulation of solute transport pro-
teins on both the apical and basolateral cell membrane
domains through enhanced responsiveness to endoge-
nous catecholamines and possibly through alteration of
receptor phosphorylation patterns.

DISCUSSION SESSION

Question: Have you studied the other downstream effects of 3-2
receptor overexpression?
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Dr Factor: We have just started to study downstream effects. It
appears at this point that B-receptor overexpression reduces
indices of apoptosis in lungs with injury due to hyperoxia. Howev-
er, the mechanism is unknown. We recently reported that the aden-
ovirus very efficiently transduces the injured lung. We actually
took rats with severe pulmonary edema and lung injury due to
hyperoxia, and after the induction of injury we were able to trans-
duce the alveolar epithelium with an efficiency that was equal to
or perhaps even greater than that seen in normal lungs. By improv-
ing or increasing permeability of the alveolar epithelium, we pro-
vide the virus increased access to receptors it might not otherwise
have. It works very well in pulmonary edema.

Question: My own experience with adenovirus is that there is
some trouble getting through tight junctions. On the other hand,
because you use CMV promoters, they get into any cell. Have you
found expression in blood vessels, epithelial cells, or mucous
cells?

Dr Factor: In normal rats, we found very little expression outside
of the alveolar epithelium. Occasionally, we have seen an endothe-
lial cell that is positive. Other groups have reported better expres-
sion in endothelial cells and other organs with alveolar delivery.
When the lungs are injured and permeability is increased, we see
significant increases in endothelial cell expression of the marker
genes.

Question: 1 was intrigued by the changes in GRK levels that you
noted. Did you assess total levels in addition to membrane-associ-
ated GRK2 levels?

Dr Factor: We looked at whole-cell homogenates, and they do not
seem to change. We are beginning nuclear run-on experiments to
see if message levels also change. It seems as if the cell does not
up-regulate GRK?2, despite very significant increases in total cell
cAMP levels.

Question: You mentioned that the fluid is pumped into the intersti-
tial space. Where does it go from there? Since vascular pressures
are higher, it will not go into the vasculature.

Dr Factor: 1t is not known. The fluid is thought to be drained
through the lymphatic system. Occasionally the fluid is found in the
pleural space. A significant portion of it is taken back into the vas-
culature. From a clinical perspective, we work to keep the capillary
pressures as low as possible. If the capillary pressures are too high,
no matter how much pump activity there is, pulmonary edema will
occur. If the pressures are too high, there will probably be no net
clearance. We reported that with overexpression of a sodium potas-
sium ATPase gene in a model of acute left heart failure, if the left
atrial pressure is elevated high enough, there is no clearance of pul-
monary edema.

Question: How does overexpression of the 3,-receptor affect the
kinetics of surfactant production, particularly the phospholipid
component?

Dr Factor: We have not studied this.

Question: How does acute lung injury down-regulate the function
of the responsiveness of the B-receptor? Are there ways to modu-
late that pathway?

Dr Factor: The effects of lung injury on the B-receptor are com-
plex. Although it is desensitized, net cAMP production, at least in
hyperoxic lungs, is increased. We have measured receptor number
and receptor coupling to adenylate cyclase and observed that total
lung cAMP is slightly increased in hyperoxia. Similarly, the num-
ber of membrane-bound receptors increased by 50%. So, when
you actually look at cAMP per receptor, however, the receptors in
hyperoxic lungs produce no more cAMP per receptor than a nor-
mal lung. When we looked at adenylate cyclase production, it
increased by 500% or 600%. This suggests that the membrane
capacity to produce cAMP is dramatically increased and that there
is an unused reserve of cAMP production. When we calculate a
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receptor coupling index, we find that normal lungs can produce
about 80% of their maximum cAMP; conversely, hyperoxic lungs
can produce about 20% of the maximal cAMP. This is associated
with failure or lack of up-regulation of GRK2. There appears to be
an unmet need for cAMP production that for some reason does not
occur with injured lungs.
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