Transgenic techniques to delineate cell-
specific effects of },-adrenergic

receptors in the lung
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Many, if not most, of the different cell types within the lung
have been shown to express 3,-adrenergic receptors (3,ARs)
on the cell surface. ;ARs have thus been implicated in the
regulation of many aspects of lung function. However, the
physiologic and therapeutic relevance for many of these cell-
specific responses has been difficult to establish because of
confounding effects that result from the simultaneous activa-
tion of receptors on multiple cell types in an in vivo environ-
ment. It has been recognized in in vitro models that overex-
pression of G-protein—coupled receptors such as the $,ARs can
increase the number of spontaneously active receptors (R¥)
and thereby promote autonomous signal transduction or
enhanced agonist sensitivity. With transgenic techniques, high
levels of receptor expression and activation can also be
attained in vivo. By further using cell-specific promoters to
direct expression, it is possible to express 3,ARs in select cell
types of a heterogeneous organ such as the lung. In this man-
ner, activation of receptor signaling is limited to the targeted
cell. Promoter-directed transgenesis can therefore be a useful
tool to delineate cell-specific B;AR-mediated effects in the
lung. (J Allergy Clin Immunol 2002;110:S236-41.)
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The [B,-adrenergic receptor (3,AR) is a member of the
G-protein—coupled receptor (GPCR) family that medi-
ates the actions of the endogenous catecholamines epi-
nephrine and norepinephrine. The ,AR is expressed by
many different cell types within the lung, which give it
the potential to regulate many aspects of lung function,
and it is the target for B-agonists used clinically in the
treatment of bronchospastic lung disease. However, con-
firmation of the physiologic and clinical relevance for
many of these actions in an in vivo setting has been dif-
ficult due to simultaneous activation of receptors on mul-
tiple cell types. In this review, we discuss the utility of
using cell-selective promoters to direct transgenic $,AR
expression as a means to delineate the cell-specific
effects of B,AR in a complex in vivo environment.
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Abbreviations used
ASM: Airway smooth muscle
B,AR: B,-adrenergic receptor
cAMP: Cyclic adenosine monophosphate
CCSP: Clara cell secretory protein
GPCR: G-protein-coupled receptor
NTG: Nontransgenic
Penh: Enhanced pause

B>AR EFFECTS IN THE LUNG

The lung is a markedly heterogenous organ composed
of more than 40 different cell types. Radioligand binding,
receptor autoradiography, in situ hybridization, and vari-
ous functional assays have shown that most of these cell
types express the B,AR to some extent.! As a result, the
B,AR has been implicated in the regulation of a wide vari-
ety of processes that occur within the lung. By far, the best
characterized of these actions is the relaxation of airway
smooth muscle (ASM). This effect, which results from the
direct activation of ASM receptors, provides the primary
therapeutic benefit of (3-agonists when used in the treat-
ment of asthma and other bronchospastic lung diseases.

However, f-agonists may have additional benefits that
occur via the activation of receptors on other cell types.
For example, stimulation of prejunctional B,AR on nerve
terminals inhibits acetylcholine release and thereby
reduces the cholinergic component of bronchoconstric-
tion.2 B,ARs on bronchial epithelial cells stimulate chlo-
ride transport and promote serous and mucus cell secre-
tion.3 These actions serve to increase periciliary fluid,
which, together with an increase in ciliary beat frequen-
cy,* enhance mucociliary clearance. Airway epithelial
cells also have synthetic function and are capable of pro-
ducing a variety of mediators that can potentially modu-
late smooth muscle tone.5 In some studies, removal of
the airway epithelium attenuated the relaxant effect of
isoproterenol on isolated tracheal rings, suggesting that
the B,ARs on airway epithelial cells cause release of
relaxant factors.® Such findings, though, have not been
consistently observed, and the concept of a physiologi-
cally relevant 3,AR-regulated epithelial-derived relaxant
factor remains in question.” Resident and circulating
inflammatory cells also express 3,ARs.8 B,AR activation
inhibits mediator release by mast cells, lymphocytes, and
neutrophils. Eosinophils and macrophages also express
B,ARs, but the inhibitory effect is much less in these
cells. B,AR activation causes relaxation of endothelial
cells that may act to reduce vascular permeability.” How-
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ever, increases in blood flow resulting from vasodilation
of bronchial arterioles may oppose this effect.!0 The
overall effect of B-agonists on mucosal edema is thus
unclear.? Lastly, B,ARs are expressed by cells lining the
alveoli, including type I cells, type II cells, and possibly
capillary endothelial cells. Activation of these receptors
by endogenous and exogenous agonists promotes ion
transport and clearance of fluid from the alveolar space.
B,ARs on alveolar lining cells may therefore serve a pro-
tective function against pulmonary edema.!!

Many of these potentially beneficial actions of $,ARs
have been established in isolated cells and excised tissues.
It has been difficult, however, to establish their physio-
logic and therapeutic relevance in an in vivo setting,
because endogenous and exogenous agonists in the intact
animal act on 3,ARs of multiple cell types simultaneous-
ly. As a result, for example, the potential bronchodilating
effect of epithelial receptors is not readily distinguished
from the profound bronchodilation produced by the acti-
vation of receptors on ASM. Recent studies, however,
have shown that promoter-directed transgenesis can be
used to selectively activate B,AR signaling in specific cell
populations of heterogenous organs such as the lung.

B>AR ACTIVATION BY OVEREXPRESSION

As reviewed in this supplement (see article by
Liggett), it is now believed that a small proportion of
GPCRs, such as the B,AR, spontaneously toggle into a
conformation (denoted as R*) that can stimulate the
receptor’s associated G protein. While this conformation
is not favored in the absence of agonist, the amount of R*
may be sufficient to transduce a measurable signal even
in the absence of agonist if receptor expression is signif-
icantly increased (eg, overexpression by transfection).!2
Signal transduction and cellular responses in the overex-
pressing cell may then act as if the receptor were bound
by an agonist. Increases in R*, the conformation that
favors agonist binding, may also enhance agonist sensi-
tivity, which can be manifested as a leftward shift in the
agonist dose-response curve. Receptor overexpression
can therefore be used to augment both agonist-indepen-
dent and agonist-dependent signaling.

Advances in tissue-targeted transgenesis, made possi-
ble by ongoing identification of cell-specific promoters,
have permitted the concept of receptor activation by
overexpression to be extended to the in vivo setting. The
experimental paradigm for transgenic activation has been
to overexpress the B,AR or other GPCR under control of
a cell-specific promoter and, depending on the level of
expression achieved, obtain either heightened agonist
sensitivity (agonist-dependent activation) or tonic activa-
tion due to autonomous signaling (agonist-independent
activation). In either scenario, the increase in receptor
signaling is limited to the targeted cells, since GPCRs are
not secreted products. Any gain in physiologic or patho-
physiologic function can thus be attributed to the effects
of receptor signaling in the targeted cell. Milano et all3
first used this approach to overexpress the 3,AR in trans-
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genic mice under control of the cardiac-specific o
myosin heavy chain promoter. These mice displayed sig-
nificant increases in both heart rate and contractility even
in the absence of exogenous agonists, illustrating the
gain-of-function that can be achieved with overexpres-
sion. We have recently employed this strategy to investi-
gate cell-specific actions of B,AR signaling in the lung
by using cell-specific promoters to selectively overex-
press and activate signal transduction in ASM, the
bronchial epithelium, and the alveolus.

TRANSGENIC MODELS OF (,AR
ACTIVATION INTHE LUNG

Airway smooth muscle

To better understand the relationship between ASM
B,AR expression and signaling, integrated smooth muscle
function, and airway responsiveness in an intact organism,
we overexpressed the B,AR in transgenic mice under the
control of a smooth muscle o-actin promoter.!4 With this
promoter, transgene expression in the lung is primarily
limited to ASM (Fig 1, A), with lower levels of expression
observed in the larger pulmonary arteries. Quantitation of
receptor density in primary cultures of ASM cells grown
from tracheal explants showed that 3,AR density was ~75-
fold greater than that of nontransgenic (NTG) ASM cells.
The increase in receptor expression in these transgenic
cells was associated with marked stimulation of adenylyl
cyclase activity and cyclic adenosine monophosphate
(cAMP) production. Basal coupling was increased 2.5- to
3-fold over levels in NTG (Fig 1, B). In fact, it was equiv-
alent to that of the maximal agonist-stimulated levels in
NTG cells. Because basal coupling in this in vitro setting
represents signal transduction in the absence of agonist,
these findings indicate that the increase in basal activity
was the result of autonomous signaling produced by a
greater number of receptors in the R* state. However, this
constitutive activation of signaling was not maximal, as
isoproterenol stimulated adenylyl cyclase activity to even
higher levels (Fig 1, B). Previous studies have suggested
that ASM may contain a substantial receptor reserve or
“spare” B,AR pool that could serve as a mechanism to
limit the effects of receptor desensitization and downregu-
lation. In such a setting, increasing receptor density would
be expected to have little effect on maximal agonist acti-
vation, although a leftward shift in the concentration that
produces 50% of its maximal effect (ie, ECs() could still
be expected. Our observation of increased agonist respon-
siveness in ASM cells overexpressing 3,ARs contrasts
with the findings of these previous studies and suggests
that the B,AR may be the limiting component in the recep-
tor/G/adenylyl cyclase cascade.

We further investigated the effect of B, AR overexpres-
sion and activation on integrated ASM function by con-
traction/relaxation studies of excised tracheal rings. Sen-
sitivity to isoproterenol was significantly enhanced in the
B,AR overexpressors, with the ECs, for relaxation being
60-fold less than that in NTG specimens (Fig 1, C). How-
ever, the maximal extent of relaxation was not altered,
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FIG 1. Smooth muscle-directed ,AR expression in lungs of transgenic mice. A, In situ hybridization shows
that the smooth muscle a-actin promoter directs B,AR transgene expression to ASM in the trachea (left
panel) and distal bronchi (right panel). B, Basal and agonist-stimulated adenylyl cyclase activity in trans-
genic and NTG ASM cells. C, Isoproterenol-stimulated relaxation of precontracted tracheal rings. D, Airway
reactivity to methacholine measured by whole-body plethysmography using Penh as the index of bron-
choconstriction. (From McGraw DW, Forbes SL, Kramer LA, Witte DP, Fortner CN, Paul RJ, et al. Transgenic
overexpression of B,-adrenergic receptors in airway smooth muscle alters myocyte function and ablates
bronchial hyperreactivity. J Biol Chem 1999;274:32241-7. With permission.)

suggesting that factors in the signaling cascade distal to
cAMP were limiting in this ex vivo assay.

These studies showed that smooth muscle-directed
expression of the B,AR could enhance signaling in both
isolated ASM cells and intact tracheal rings. To determine
whether such activation could prevent or attenuate airway
reactivity to contractile agonists in the intact animal, and
thus impart a bronchoprotective phenotype, bronchocon-
strictor responses to methacholine were assessed in vivo
by whole-body plethysmography, using enhanced pause
(Penh) as the index of bronchoconstriction. Consistent
with the cellular signaling findings, the maximal level of
bronchoconstriction attained in the transgenic mice in the
absence of exogenous agonist was less than that in NTG
mice pretreated with albuterol (Fig 1, D). Moreover, treat-
ment of transgenic mice with albuterol completely ablat-
ed the bronchoconstrictor response to methacholine (Fig
1, D). Selective expression of the B,AR in ASM thus
imparted an “anti-asthmatic” phenotype to the transgenic
mice. The combination of these findings indicates that the
B,AR on ASM is a limiting element in the receptor sig-
naling cascade and that this constraint can be alleviated
by increasing receptor number.

Bronchial epithelium

Studies of transgenic mice overexpressing B,ARs in
ASM clearly demonstrate the ability of these receptors to
promote profound bronchodilation. However, several
lines of evidence suggest that the airway epithelium also
has the capacity to inhibit smooth muscle tone and
responsiveness. The mechanical barrier formed by the
epithelium, its enzymatic activity, and its regulation of
epithelial lining fluid and mucociliary clearance may act
indirectly to limit exposure of ASM to luminal spasmo-
gens. The airway epithelium may also release factors such
as prostaglandin E, that can act directly to relax ASM.

There is also evidence to suggest that the inhibitory
actions of the airway epithelium are modulated by epithe-
lial cell B,ARs. Such studies have usually involved in vitro
assays of isolated cells or excised tissues. The physiologic
and therapeutic relevance of epithelial B,ARs, however, has
been difficult to discern due to the fact that endogenous or
exogenous [3-agonists simultaneously activate receptors on
ASM. Therefore, to address the question as to whether acti-
vation of airway epithelial 3,ARs promotes bronchodila-
tion independently of ASM receptors, we generated trans-
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genic mice that overexpressed the 3,AR under control of
the Clara cell secretory protein (CCSP) promoter.!5 With
this promoter, transgene expression was confined to cells of
the proximal airway epithelium and was not detected in
ASM (Fig 2, A). By using receptor autoradiography and
semiquantitative grain counting, $,AR density in the air-
way epithelium was estimated to be increased ~3-fold.
Although signaling at the cellular level could not be per-
formed because of the difficulties associated with culturing
murine epithelial cells, in vivo assessment of airway reac-
tivity showed that epithelial overexpression of B,ARs had a
markedly inhibitory effect on airway reactivity. By using
whole-body plethysmography with Penh as the index of
bronchoconstriction, we found that the dose of metha-
choline required to cause a 2-fold increase (ED,) in Penh
was more than twice that required for the NTG animals
(Fig 2, B). Interestingly, the bronchoprotective effect
afforded to transgenic mice by epithelial 3,AR overexpres-
sion approached that of exogenous albuterol treatment in
the NTG mice. However, maximal bronchoconstriction
could still be achieved in transgenic mice, albeit at a much
higher dose of methacholine than that needed for nontrans-
genic animals. This protective effect was also observed
after low-dose ozone exposure, because the transgenic
mice exhibited significantly less bronchoconstriction than
the NTG mice (Fig 2, C). The attenuation of methacholine
and ozone reactivity did not appear to be the result of
changes in lung structure as morphologic and histologic
features were not altered. Although we were unable to iden-
tify the mechanisms underlying the inhibitory effect on air-
way reactivity, these results nevertheless demonstrate that
B,ARs on epithelial cells have the capacity to regulate air-
way reactivity and that this effect is distinct from the direct
bronchodilator effect of ASM receptors.

Alveolar type Il cells

A number of studies have demonstrated that exoge-
nously administered -agonists can accelerate the removal
of excess fluid from the alveolar space.!¢ It has also been
demonstrated in animal models that enhanced clearance of
pulmonary edema fluid after neurologic insults, hemor-
rhage, and sepsis depends on release of endogenous cate-
cholamines.!1-17 Activation of B,ARs in the alveolar lining
cells thus appears to serve a protective function that limits
alveolar flooding and enhances its resolution. This has led
to the suggestion that B-agonists may be a useful adjunct
in the treatment of patients with pulmonary edema.!8:19

The cells responsible for B,AR-mediated increases in
alveolar fluid clearance have not been clearly elucidated.
The alveolar type II cell has received the bulk of interest
because it has both the anatomic and metabolic potential
to support the active transepithelial ion fluxes required
for driving fluid transport. However, other cells, such as
type I cells, vascular endothelial cells, and vascular
smooth muscle, also have the potential to affect fluid
transport and are known to express 3,ARs. Therefore, to
minimize potentially confounding effects of receptor
activation from other cells, and thereby selectively assess
the effects of type II cell B,AR signaling on alveolar fluid
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FIG 2. Transgenic expression of B,AR in proximal airway epitheli-
um. A, In situ hybridization shows that CCSP promoter-directed
B,AR expression in the bronchus is limited to the bronchial
epithelium. B, Airway reactivity to methacholine measured by
whole-body plethysmography using Penh as the index of bron-
choconstriction. C, Airway response after ozone exposure (0.75
ppm x 4 h) measured by whole-body plethysmography using
Penh. (From McGraw DW, Forbes SL, Mak JCW, Witte DP, Carrig-
an PE, Leikauf GD, et al. Transgenic overexpresssion of B,-adren-
ergic receptors in airway epithelial cells decreases bronchocon-
striction. Am J Physiol Lung Cell Mol Physiol 2000;279:L379-89.
With permission.)

clearance, we transgenically expressed the B,AR under
control of the surfactant protein C promoter.20 With this
promoter, B,AR expression was observed in distinct
clusters at the corners of alveoli (Fig 3, A), consistent
with the location of type II cells. Radioligand binding
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FIG 3. Transgenic expression of B,AR in alveolar type Il cells. A, The surfactant protein C promoter limits
B,AR expression to the alveolus. Expression in the corners of alveoli is consistent with the known distribu-
tion of type Il cells. B, Basal and agonist-stimulated alveolar fluid clearance rates. C, Basal alveolar fluid
clearance rates in mice after adrenalectomy (ADX+) or sham adrenalectomy (ADX-). (From McGraw DW,
Fukuda N, James PF, Forbes SL, Woo AL, Lingrel JB, et al. Targeted transgenic expression of B,-adrenergic
receptors to type Il cells increases alveolar fluid clearance. Am J Physiol Lung Cell Mol Physiol

2001;281:L895-903. With permission.)

with whole-lung homogenates showed that receptor den-
sity in transgenic mice was nearly 5-fold greater than that
in NTG mice. Consistent with an acquired increase in
agonist sensitivity, adenylyl cyclase studies showed that
the ECy for isoproterenol in transgenic mice was less
(by ~50%) than that in the NTG animals. However, nei-
ther basal nor maximal agonist-stimulated adenylyl
cyclase activity was increased in transgenic mice, consis-
tent with previous studies, indicating that the lung
parenchyma contains a population of spare receptors.

As might be expected, B,AR overexpression in the dis-
tal respiratory epithelium had no effect on airway reactivi-
ty in either the presence or absence of agonist. However,
measurement of alveolar fluid clearance rates in the intact
Iung showed that basal fluid clearance was significantly
greater in the B,AR overexpressors (Fig 3, B and C). The
increased alveolar fluid clearance rate in these transgenic
mice appeared to be the result of increased sensitivity to
endogenous catecholamines rather than autonomous acti-
vation, as it was abolished by adrenalectomy (Fig 3, C).
Alveolar fluid clearance was increased in NTG mice and
further increased in transgenic mice by the ,AR-selective
agonist formoterol (Fig 3, B). At each concentration, the
formoterol-stimulated alveolar fluid clearance tended to be
higher in the transgenic animals, but at the lowest doses the
differences did not reach statistical significance. It remains
unclear whether this additional agonist-stimulated increase
is the result of actions on type II cells or the action of recep-
tors on other cells. However, the finding of increased alve-
olar fluid clearance rates in these transgenic mice show
clearly that B,ARs on type II cells have the capacity to reg-
ulate alveolar fluid clearance in the in vivo setting.

CONCLUSIONS

Overexpression of GPCRs, such as the 3,AR, can pro-
mote increased signal transduction through either
autonomous activity or increased sensitivity to agonist.

With transgenic techniques, receptor expression can be
increased and signal transduction activated in the in vivo
setting. By targeting receptor expression to selected cells,
promoter-directed transgenesis can be used as a tool to
delineate the cell-specific actions of ,ARs in heteroge-
neous organs such as the lung.

DISCUSSION SESSION

Question: Ts there a relationship between overexpression of $,AR
and increased nitric oxide activation?

Dr McGraw: We have not specifically blocked or tried to look at
other pathways. At least in the lavage fluid, the content of PGE2
and nitric oxide did not differ. However, small amounts of local
release may not be reflected in changes in lavage fluid. It is diffi-
cult to decide which pathway to study other than to focus on the
ones that are traditionally thought to be important.

Question: Are there any differences in alveolar fluid clearance
between short-acting, long-acting, or complete B-agonists?

Dr McGraw: There is some suggestion that isoproterenol and for-
moterol are better stimulators of alveolar fluid clearance than albuterol.
We studied formoterol because it is a full or near-full agonist that is
specific for the 3, AR. Overexpression has a tendency essentially to
transform what looks like partial agonists to full agonists, so in retro-
spect, it may have been better to use a weaker agonist.

Question: Did the mice with overexpression exhibit inflammatory
cell accumulation or structural changes?

Dr McGraw: There was no inflammatory cell accumulation in
these mice. By light microscopy, there were no structural changes.
The lungs looked normal for both the epithelial and the alveolar
overexpressors. Phenotypically, morphologically, and histological-
ly, there were no differences. There did not appear to be any addi-
tional fibrosis and no increase in mucous-secreting cells. We did
not look for differences after agonist treatment. The agonist treat-
ment in our experiments involved acute exposure, SO we were not
looking for chronic changes in the airway. In addition, there was
no inflammation following ozone exposure. Even in the nontrans-
genic mice, we did not see large amounts of perivascular or peri-
bronchial edema. The ozone response probably involves bron-
choconstriction because it resolves rapidly on treatment with a
[B-agonist.

Comment: It has never been clear to me that there actually is a
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constitutively expressed epithelial-derived inhibitory factor. This
may be seen in the overexpressed state but not in the wild type.
Dr McGraw: Our data do not attribute the effect to release of a
relaxant factor or the decreased release of a contracting factor. We
simply note a bronchoprotective effect. Other possibilities include
alteration of the periciliary fluid content and mechanical barriers
that affect the bioavailability of methacholine. This suggests that
B,AR on epithelial cells have the capacity to regulate smooth mus-
cle tone, at least in the overexpressed state.

Question: Are you certain that the up-regulation you induced only
occurred in the epithelium exclusively and not just predominantly,
meaning that you may have had some up-regulation in smooth
muscle?

Dr McGraw: Based on the in situ hybridization as far as localiza-
tion of the transgene, it was fairly clear that this occurred only in
the epithelial cells.

Question: Did you analyze the structure of the smooth muscle
overexpression and the protein content of the contractile apparatus?
Dr McGraw: Structurally and histologically at the light
microscopy level, there were no differences. There was no appar-
ent change in mass.

Question: Which smooth muscle showed the overexpression? Was
the airway vasculature involved?

Dr McGraw: The trachea and smooth muscle areas such as the
bladder, the uterus, and the gastrointestinal tract showed expres-
sion of the transgene. We did not study the airway vasculature.
There are some changes in the peripheral vasculature. At present,
we have not developed the methodology to assess pulmonary vas-
cular responses.

Question: Regarding the epithelial overexpression model, does the
transgene light up in the submucosal glands?

Dr McGraw: If one looks at the epithelium as a continuous strip
down the airway, one sees the transgene lighting up down the air-
way. To determine whether the transgene is present in specific
areas would probably require a colocalization study, although in
situ hybridization may not be the best way to accomplish this.
Question: What is the receptor distribution in the different cell
types in the non-transgenic mice studied?

Dr McGraw: The receptor distribution in these specific mice is not
known. All of the cells have some responses regulated by [B-
agonists, though in some cases, there are binding studies to show
that the receptor is expressed at least natively in those cells.
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