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Chronic regular use of B,-adrenoceptor (82-AR) agonists in asthma
is associated with a loss of disease control and increased risk of
death. Conversely, we have found that administration of B,-AR
inverse agonists results in attenuation of the asthma phenotype in
an allergen-driven murine model. Besides antagonizing agonist-
induced signaling and reducing signaling by empty receptors, B-AR
inverse agonists can also activate signaling by novel pathways. To
determine the mechanism of the B-AR inverse agonists, we com-
pared the asthma phenotype in B2-AR-null and wild-type mice.
Antigen challenge of B>-AR-null mice produced results similar to
what was observed with chronic B,-AR inverse agonist treatment,
namely, reductions in mucous metaplasia, airway hyperrespon-
siveness (AHR), and inflammatory cells in the lungs. These results
indicate that the effects of B,-AR inverse agonists are caused by
inhibition of B2-AR signaling rather than by the induction of novel
signaling pathways. Chronic administration of alprenolol, a
B-blocker without inverse agonist properties, did not attenuate the
asthma phenotype, suggesting that it is signaling by empty recep-
tors, rather than agonist-induced B,-AR signaling, that supports
the asthma phenotype. In conclusion, our results demonstrate that,
in a murine model of asthma, B,-AR signaling is required for the full
development of three cardinal features of asthma: mucous meta-
plasia, AHR, and the presence of inflammatory cells in the lungs.

airway hyperresponsiveness | g-blocker | inverse agonist |
mucous metaplasia | inflammation

Asthma is a disease characterized by airway inflammation,
airway hyperresponsiveness (AHR), and airway remodel-
ing. Current pharmacological management of asthma aims to
attenuate AHR, reverse bronchoconstriction, and reduce
chronic inflammation. Because of their potent bronchodilating
effects, short-acting B-adrenoreceptor (B,-AR) agonists are the
standard treatment for the acute relief of asthma. Long-acting
B2-AR agonists are traditionally prescribed as add-on therapies
to inhaled corticosteroids for maintenance therapy of moderate
and severe asthma. However, chronic repetitive administration
of long-acting and/or short-acting B-AR agonists has been
associated with tolerance (1-4), an increase in AHR to allergen
(5), poor asthma control (6), and death (7).

Analogous to asthma, administration of B-AR agonists in
congestive heart failure (CHF) also produced acutely beneficial
but chronically detrimental effects. In CHF, drugs classified as
B-blockers (B-AR antagonists and inverse agonists) were once
contraindicated because acute administration decreased cardiac
output and produced other negative inotropic effects (8). How-
ever, large clinical trials have shown that chronic administration
of certain B-blockers improves cardiac output and decreases
mortality (9, 10). Presently, B-blockers are contraindicated in
asthma because their acute administration may cause airway
narrowing (11, 12). Based on the clinical effects of B-blockers in
CHF, we hypothesized that the chronic effects of B-blockers in
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asthma may be different from those observed during their acute
administration (13). In previous studies, we chronically admin-
istered B-blockers with inverse agonist properties in a well-
established antigen-driven murine asthma model and observed
a significant decrease in epithelial cell mucous metaplasia, AHR,
and airway inflammation (14, 15). B-AR inverse agonists are a
subset of B-blockers that in addition to inhibiting 3-AR agonist-
induced signaling also inhibit signaling produced by spontane-
ously or constitutively active receptors (16). Constitutive activity
is the signaling of a G protein-coupled receptors (GPCRs) in the
absence of an agonist. Thus, inverse agonists inhibit all signaling
through the receptor’s classical signaling pathway. However, it
has recently been shown that many inverse agonists are also
capable of activating receptor signaling through alternative
pathways (17-19). For example, many $-AR inverse agonists are
capable of stimulating a G protein-independent, B-arrestin-
dependent activation of ERK1/2 (17).

In this work we asked whether targeted disruption of the
B2-AR gene can replicate what was observed pharmacologically
with the chronic use of inverse agonists. Specifically, we com-
pared the effect of antigen challenge on B,-AR ™/~ and wild-type
mice to determine airway function, the degree of mucous
metaplasia by airway epithelial cells, and the number of inflam-
matory cells in bronchoalveolar lavage fluid (BALF). These
experiments were designed to determine whether the beneficial
effects of chronic inverse agonist treatment in the murine asthma
model are caused by diminished B,-AR signaling or by certain
inverse agonists activating alternative pathways to the classical
B>-AR-Gg cascade (i.e., producing “biased agonism”) (17-19).
The results of these experiments indicate that it is inhibition of
all B,-AR signaling, and not biased agonism, that is responsible
for the beneficial effects of chronic inverse agonist treatment.

We also chronically administered alprenolol, a B-blocker
without inverse agonist properties (15, 20), to probe further the
role of B2-AR signaling in the development of the asthma
phenotype by determining whether the signal was a result of
constitutive receptor activity or activation of the B,-AR by
endogenous agonists. The results of these experiments suggest
that it is constitutive B,-AR signaling that allows the full
development of AHR, mucous metaplasia, and airway inflam-
mation in the murine model of asthma.
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Results

Airway Epithelial Cell Mucin Production. Our previous studies were
performed by using BALB/c and C57BL/6J mice (14), whereas
the B,-AR™/~ mouse was constructed in the wild-type FVB/N
background (21). Minimal intracellular mucin was observed in
saline-challenged FVB/N mice assessed by using periodic acid
fluorescent Schiff (PAFS) staining, whereas in antigen-
challenged FVB/N mice there was abundant intracellular mucin
(Fig. 1). These results established that the murine model used in
the present work exhibits mucous metaplasia, a characteristic of
asthma that contributes to airflow obstruction and AHR. Within
the antigen-challenged mouse group, administration of the
B-AR inverse agonist nadolol (16) for 28 days produced a
decrease in mucous metaplasia and partially reversed the
changes in airway epithelial cell morphology (Fig. 14). These
results are similar to what we observed with the BALB/c and
C57B/6]J mice (14). In the FVB/N B,-AR ™/~ mice group, antigen
challenge produced significantly lower mucin volume density
(P < 0.05) compared with antigen-challenged FVB/N mice and
lower than in FVB/N mice treated with nadolol (P < 0.05) (Fig.
1). Treatment of B,-AR ™/~ mice with nadolol did not result in
any further reduction in mucin volume density (Fig. 1).

Airway Hyperresponsiveness to Methacholine. For antigen-
challenged vehicle-treated FVB/N mice, the values for
methacholine-induced increases in airway resistance (Raw) were
significantly higher compared with those in saline-challenged
vehicle-treated control FVB/N mice (Fig. 2 4 and E). This
indicates that this strain of mouse exhibits AHR, a cardinal
feature of airway dysfunction in human asthma. Chronic admin-
istration of the inverse agonist nadolol in antigen-challenged
FVB/N mice caused a significant attenuation of AHR as shown
by the values for R,, and peak R,y at methacholine doses =80
mg/mL (Fig. 2 B and E). Antigen-challenged vehicle-treated
FVB/N B,-AR ™/~ mice exhibited decreased AHR (P < 0.05) and
replicated qualitatively what was observed pharmacologically
with the use of nadolol in FVB/N mice (compare Fig. 2 B and C).
In antigen-challenged FVB/N B,-AR™~ mice, chronic admin-
istration of nadolol yielded no additional benefits as shown by
the values for R,y and peak R,y (compare Fig. 2 C, D, and E).

Bronchoalveolar Lavage Cellularity. The total cell count in BALF
was greatly increased in antigen-challenged FVB/N mice com-
pared with saline-challenged FVB/N mice (Fig. 34). Chronic
administration of nadolol (28 days) significantly reduced total
cell counts (Fig. 34). BALF eosinophil numbers were also
significantly increased in antigen-challenged FVB/N mice com-
pared with saline-challenged mice (Fig. 3B), and again, chronic
administration of nadolol significantly reduced BALF eosino-
phil numbers (Fig. 3B). Similar to the changes we observed with
chronic administration of nadolol in wild-type FVB/N mice,
targeted disruption of the B,-AR gene caused a reduction in
total cell counts and eosinophils by ~60% after antigen chal-
lenge (Fig. 3). These findings indicate that disruption of the
B2-AR gene or chronic administration of inverse agonists sim-
ilarly modifies eosinophilic airway inflammation in a murine
model of asthma.

Effects of Alprenolol With or Without Nadolol Coadministration.
Chronic administration of alprenolol, a B-blocker with no in-
verse agonist properties, did not reduce mucous metaplasia or
BALF inflammatory cell counts in antigen-challenged BALB/cJ
mice (Fig. 4). However, chronic coadministration of alprenolol
and nadolol produced only a partial reversal of the mucous
metaplasia compared with chronic nadolol administration alone
but full inhibition of the BALF inflammatory cell counts (Fig. 4).
Together, these results suggest that the permissive role of the
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Fig. 1.  Effect of B,-AR gene disruption and chronic administration of the

inverse agonist nadolol on mucin content in the airway epithelium. (A) Mucin
content in the airway epithelia of FVB/N B,-AR~/~ and FVB/N mice was measured
with PAFS from saline-challenged mice (control), antigen-challenged mice (S/C)
administered with either vehicle, or antigen-challenged mice administered nado-
lol for 28 days (Nad 28 d). (Scale bar, 20 um.) (B) Morphometric quantification of
the mucin volume density was assessed from the various treatment groups.
Values represent the mean =+ SEM of data from 6-8 mice in each group. #, P <
0.05 vs. control FVB/N 8,-AR~/~ and FVB/N mice; @, P < 0.05 vs. SC vehicle-treated
FVB/N B2-AR~/~ mice; *, P < 0.05 vs. SC vehicle-treated FVB/N mice.
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Fig. 2. Effect of B,-AR gene disruption and chronic administration of the

inverse agonist nadolol on AHR. FVB/N ,-AR~/~ and FVB/N mice were saline-
challenged (control) or antigen-challenged (S/C) and administered either
vehicle or nadolol for 28 days before receiving methacholine. (A-D) Values for
Raw Were recorded by using a computer-controlled ventilator apparatus com-
paring antigen-challenged FVB/N mice (filled circles) with saline-challenged
FVB/N mice (A, open circles), antigen-challenged FVB/N mice treated with
nadolol (B, open squares), antigen-challenged FVB/N B,-AR~/~ mice (C, open
diamonds), or antigen-challenged FVB/N 3,-AR~/~ mice treated with nadolol
(D, open triangles). (E) Values for peak R,y were determined for each mouse
by choosing the highest R,y value produced by any of the methacholine doses
(most often the next to last dose, 120 mg/mL) from the individual methacho-
line dose-response curves. Values represent the mean + SEM of data from 8
mice in each group. #, P < 0.05 vs. control FVB/N B,-AR~/~ and FVB/N mice; @,
P < 0.05 vs. SC vehicle-treated FVB/N B,-AR~/~ mice; *, P < 0.05 vs. SC
vehicle-treated FVB/N mice.

B2-AR in the asthma phenotype does not require activation by
endogenous ligands

Discussion

We have reported that chronic treatment with $,-AR inverse
agonists results in reductions of AHR, mucous metaplasia, and
inflammatory cells in BALF (14, 15). Here, we report that

Nguyen et al.

targeted disruption of the B,-AR gene or chronic treatment with
a B-blocker with inverse agonist properties at the $,-AR both
produce comparable attenuation of the asthma-like phenotype
in a murine antigen-driven model of asthma. Our results sur-
prisingly suggest that constitutive 3,-AR signaling is required for
the full development of mucous metaplasia, AHR, and inflam-
matory cells in BALF in a murine model of asthma (Figs. 1-3),
although there are residual non-B,-AR inflammatory responses.

It is now known that many if not all GPCRs, including the
B2-AR, can signal in the absence of agonist, a phenomenon
known as constitutive activity (16, 22). Simultaneous with this
discovery of constitutive signaling was the identification of
compounds termed inverse agonists. Inverse agonists are a
subset of drugs classified as blockers or antagonists, with the
difference being that whereas both antagonists and inverse
agonists can block agonist-induced activation of the receptor,
only inverse agonists are able to inhibit the constitutive signaling
of the receptor. Thus, inverse agonists are capable of inhibiting
all receptor signaling, whereas antagonists only prevent agonist-
induced signaling.

A more recent discovery has been the finding that many
inverse agonists are capable of producing what is known as
biased agonism (17), a phenomenon originally described by
Kenakin as “agonist-directed trafficking of receptor signals”
(16), and also described as “functional selectivity”” (23). Biased
agonism refers to the fact that some ligands may signal through
only one of several pathways modulated by a receptor. An
example relevant to this work is that some ligands that function
as inverse agonists for the classical B,-AR-G; signaling pathway
can nonetheless activate the receptor to signal through a G
protein-independent, pB-arrestin-dependent, pathway (17). For
instance carvedilol acts as a biased ligand at the 8,-AR signaling
via B-arrestin-dependent ERK1/2 activation in the absence of G
protein activation (17). This biased agonism of B-AR ligands
such as carvedilol has been hypothesized to be the mechanism by
which carvedilol appears to be more effective than other g-AR
inverse agonists in the treatment of CHF (17, 24).

Based on the paradigm shift that occurred in chronic CHF
therapy, we investigated whether chronic treatment with B,-AR
inverse agonists, a class of drugs currently contraindicated in
asthma because of their potential to produce acute bronchocon-
striction, may be beneficial with long-term administration (14,
15, 25, 26). Indeed, we found that chronic treatment with 8,-AR
inverse agonists produced a time-dependent decrease in AHR
and mucous metaplasia in a murine model of asthma (14, 15),
whereas treatment with alprenolol, a B-blocker without inverse
agonist properties, did not decrease AHR (15). However, these
studies did not determine whether the beneficial effect of certain
B-blockers was caused by their inverse agonist properties or by
biased agonism of a non-Gs-dependent pathway. Our current
results with the 8,-AR™/~ mice rule out biased agonism as the
explanation because these mice lack a functional B;-AR gene
and are incapable of producing any 8,-AR signaling through any
pathway. Further support for this is that we have shown that the
biased agonist carvedilol, a drug capable of activating the
ERK1/2 pathway and EGFR transactivation, but an inverse
agonist at the classical Gy pathway, was not as effective at
reducing AHR as nadolol, an inverse agonist that did not activate
ERKI1/2 or produce EGFR transactivation (15, 17, 18).

We had also reported an up-regulation of B,-ARs after
chronic B-AR inverse agonist treatment and speculated this may
be partially responsible for the attenuation of the asthma phe-
notype (25). However, the results with the B,-AR ™/~ mice also
rule out receptor up-regulation as necessary for attenuation of
the asthma phenotype.

We next performed experiments to determine whether the
required B,-AR signaling was caused by activation by endoge-
nous (;-AR agonists (adrenalin and noradrenalin) or a result of
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Fig. 3.

Effect of B,-AR gene disruption and chronic administration of the inverse agonist nadolol on cell count and eosinophils. Total cell count (A) and

eosinophils in BALF (B) from saline-challenged (control) mice, and antigen-challenged (S/C) mice administered with either vehicle or nadolol for 28 days (Nad
28 d). BALF was collected 24 h after the last challenge. Values represent the mean + SEM of data from 8—12 mice in each group. #, P < 0.05 vs. control FVB/N
B2-AR~/~ and FVB/N mice; @, P < 0.05 vs. SC vehicle-treated FVB/N B,-AR~/~ mice; *, P < 0.05 vs. SC vehicle-treated FVB/N mice.

constitutive B2-AR activity. For these experiments, we chroni-
cally treated antigen-challenged BALB/cJ mice with alprenolol,
a B-blocker with very weak agonist properties at the B.-AR (20).
Because alprenolol is not a B,-AR inverse agonist, it would only
reduce agonist-produced signaling and not reduce constitutive
B2-AR signaling. Alprenolol had no effect on mucous metaplasia
or BALF inflammatory cells (Fig. 4), but the inverse agonist
nadolol did inhibit the responses, suggesting that it was consti-
tutive B»-AR signaling that was allowing the development of the
observed changes in the airways. Because in some circumstances
alpenolol can behave as a partial agonist (15, 17, 20), another
possible interpretation of these data could be that alprenolol was
reducing the B,-AR signaling produced by endogenous agonist
but that its weak agonist activity was sufficient to allow mucous
metaplasia and airway inflammation to develop. The only accurate
method to separate agonist-induced signaling from constitutive
signaling is to use a true “neutral” antagonist (not one with weak
agonist, or even weak inverse agonist activities). However, such
compounds are exceedingly rare (16), and there is no agreement
that any neutral antagonists exist for the S,-AR (17).

The fact that the effects of nadolol were attenuated by
coadministration of alprenolol is consistent with the hypothesis
that the effects of nadalol were caused by binding with the 8,-AR
(Fig. 4). This hypothesis is further supported by the fact that
nadolol was unable to produce any additional effect in the
B2-AR-null mice (Figs. 1-3).

The specific findings of this work on the airway epithelium,
AHR, and inflammatory cells in BALF are consistent with our
previous findings after chronic $,-AR inverse agonist treatment
in other strains of mice, and they suggest a possible role for
B>-AR inverse agonists in the chronic management of asthma.
The airway epithelium in asthma contains increased numbers of
mucin-filled goblet cells that contribute significantly to airflow
obstruction and play a central role in asthma-related deaths (6,
27-29). Therefore, attenuation of airway mucin content would
be expected to play a significant role in managing this disease.
Attenuation of mucin content was observed in the FVB/N
B2-AR /= mice as well as after chronic nadolol treatment of

2438 | www.pnas.org/cgi/doi/10.1073/pnas.0810902106

wild-type FVB/N (Figs. 1 and 4) or other strains (14). It remains
unknown whether similar effects can be replicated in human
asthma.

Targeted disruption of the B,-AR gene also produced a
significant decrease in AHR (Fig. 2). Although previous studies
of the Bi- and B,-AR ™/~ nonallergic mice showed a decreased
response to bronchoconstrictors (30), the effect of B,-AR gene
deletion has not been studied in an asthma model. Here, we show
that the reduction in AHR in FVB $,-AR ™/~ mice was compa-
rable with what was observed with chronic nadolol treatment in
antigen-challenged wild-type FVB/N mice (Fig. 2) and similar to
what we have observed with chronic administration of inverse
agonists in antigen-driven models of asthma by using other
mouse strains (15). Although future investigations are still
needed to investigate the relevance of these findings in human
asthma, a recent study demonstrated a dose-dependent attenu-
ation of AHR with 9-week administration of oral nadolol in
patients with mild asthma (26).

A characteristic of airway inflammation in asthma is the
infiltration of cells such as eosinophils and lymphocytes (31, 32),
producing a wide range of inflammatory mediators that are
responsible for the perpetuation of airway inflammation (31, 32).
Our present results show that chronic treatment with nadolol
again, as in other strains (Fig. 4) (14), reduced the inflammatory
cells in BALF of antigen-challenged FVB/N mice (Fig. 3). These
results were qualitatively similar to what was observed by using
the FVB/N B,-AR ™/~ mice (Fig. 3). It remains unknown whether
similar effects can be replicated in human asthma.

In conclusion, in a murine model of asthma, both pharmaco-
logical and genetic evidence confirm that B,-AR signaling is
required for the full development of three cardinal features of
asthma: mucous metaplasia, AHR, and inflammatory cell infil-
tration into the lungs. These findings appear paradoxical in view
of the fact that chronic activation of the B,-AR has long been
thought to be beneficial in asthma and has led to the develop-
ment of several long-acting and ultralong-acting 8,-AR agonists.
Our findings, if confirmed in human studies, may cause a
paradigm shift in the future pharmacological management of
chronic asthma.

Nguyen et al.
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Fig. 4. Effect of chronic administration of nadolol and alprenolol on mucin content in the airway epithelium and BALF cell counts. (A) Mucin content in the
airway epithelium of BALB/c mice was measured by using PAFS from antigen-challenged (S/C) mice administered the inverse agonist nadolol (Nad), alprenolol
(a B-blocker with weak agonist properties) (Alp), or nadolol and alprenolol for 28 days. (Scale bar, 20 um.) (B) Morphometric quantification of the mucin volume
density (Right) and cell counts (Left) were assessed from the various treatment groups. Values represent the mean =+ SEM of data from 5-7 mice in each group.
#, P < 0.05 vs. control mice; *, P < 0.05 vs. SC vehicle-treated mice.

Materials and Methods antigen-driven murine model of asthma. Experimental mice were killed on

Animals. Six- to 12-week-old BALB/c and FVB/N (male) mice (Jackson Animal day 46 (14).
Laboratory) and B,-AR-null FVB/N (21) (male) mice (a generous gift from Brian

Kobilka, Stanford University) were housed under specific pathogen-free con- Bronchoalveolar Lavage. C°|_d PBS (1 mL) was infused and drawn .back ﬂ_‘VOUQh
ditions in accordance with the Institutional Animal Care and Use Committee  the tracheal cannula from killed (0.1 mL of 65 mg/mL pentobarbital) mice and
of the University of Houston. repeated once. The determination of total and differential leukocyte counts

in the BALF was performed as described in ref. 14.
Animal Sensitization and Challenge. Antigen-challenged BALB/c, FVB/N, and

B2-AR-null FVB/N mice were sensitized (weekly i.p. injections, on days 0, 7, and Histochemistry. For PAFS reagent staining to examine intracellular mucin,
14) and challenged (once daily intranasally for 5 days on days 41-45) with lungs were fixed with 4% paraformaldehyde in PBS (pH 7.0) infused through
ovalbumin as described in ref. 14. Saline-challenged mice were sensitized with a tracheal cannula at room temperature, then removed from the thoracic
ovalbumin but challenged with saline. cavity and further fixed overnight at 4 °C before being embedded in paraffin

(34). Lungs were then sectioned, stained for fluorescence microscopy, and
Drug Administration. A group of antigen-challenged BALB/c, FVB/N, and FVB/N  €xamined under a 40X objective as described in ref. 34. Images were acquired
B2-AR-null mice were fed (ad libitum) mouse chow containing nadolol or before any measurements using MagnaFire 2.1 (Optronics) and analyzed
alprenolol (a B1/B2-AR antagonist with partial B,-AR agonist activity) (Sigma) using ImagePro Plus by blinded investigators (34).
(16, 20), between days 18 and 46 (28-day treatment) at concentrations of 250
ppm and 7,200 ppm, respectively (14). These concentrations were chosen Lung Physiology. On day 46, mice were anesthetized, tracheotomized, and
because they had been shown to produce effects in mice (33). The B-blocker connected to computer-controlled ventilator apparatus (Flexivent; Scientific
nadolol, a nonselective B-AR antagonist with equal affinity for both 8- and Respiratory Equipment) (35). To induce airway constriction, a solution con-
B2-AR, was chosen because a previous study using transgenic mice with cardiac ~ taining acetyl-g-methylcholine chloride (methacholine) (Sigma) was infused
overexpression of the human 3,-AR revealed this drug to be a full inverse by using the Flexivent nebulizer. The methacholine dose was started at 10
agonist at this receptor (16). The half-life and pharmacokinetic profile of pg/mL and increased stepwise up to a maximum of 140 ug/mL. After each
nadolol made the drug suitable for dosing orally in the chow. Untreated methacholine dose was administered, the central R, was sampled at 1-min
saline-challenged or antigen-challenged mice received vehicle and were fed intervals for 4 min and then averaged. The values for R, were measured by
with normal mouse chow. For experiments examining constitutive receptor using the force oscillation technique, and the complex input impedance of the
activity, BALB/c mice were used because this strain is the most prevalent respiratory system was computed as described in ref. 36. The values for Ray

Nguyen et al. PNAS | February 17,2009 | vol. 106 | no.7 | 2439
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