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Severe asthma is associated with fixed airway obstruction attribut-
able to inflammation, copious luminal mucus, and increased airway
smooth muscle (ASM) mass. Paradoxically, studies demonstrated
that the hypertrophic and hyperplastic ASM characteristic of severe
asthma has reduced contractile capacity. We compared the G-
protein–coupled receptor (GPCR)–induced Ca21 mobilization and
expression of GPCRs and signaling proteins related to procontractile
signaling in ASM derived postmortem from subjects who died of
nonrespiratory causes, with cells from subjects who died of asthma.
Despite the increased or comparable expression of contraction-
promoting GPCRs (bradykinin B2 or histamine H1 and protease-
activated receptor 1, respectively) in asthmatic ASM cells relative
to cells from healthy donors, asthmatic ASM cells exhibited reduced
histamine-induced Ca21 mobilization and comparable responses to
bradykinin and thrombin, suggesting a postreceptor signaling defect.
Accordingly, the expression of regulator of G-protein signaling–5
(RGS5), an inhibitor of ASM contraction, was increased in cultured,
asthmatic ASM cells and in bronchial smooth muscle bundles of
both human subjects with asthma and allergen-challenged mice,
relative to those of healthy human subjects or naive mice. The over-
expression of RGS5 impaired the release of Ca21 to thrombin, hista-
mine, and carbachol, and reduced the contraction of precision-cut
lung slices to carbachol. These results suggest that increased RGS5
expression contributes to decreased myocyte shortening in severe
and fatal asthma.
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Chronic asthma is associated with reversible airways obstruction
and extensive lung remodeling (1–6). Histological abnormalities
typical of severe asthma include bronchial epithelial cell slough-
ing, mucus cell hyperplasia and mucus hypersecretion, subepithe-
lial basement membrane thickening, increased myocyte number
and size, the submucosal deposition of extracellular matrix com-
ponents, and interstitial edema (3). A substantial body of evidence
suggests that airway smooth muscle (ASM) mass is increased in
the airways of patients with severe asthma (1, 6, 7).

Compelling studies also indicate that asthmatic ASM is char-
acterized by hyperplasia or hypertrophy, increased synthetic
and secretory function, and normal or reduced force-generating
capacity (7, 8). Proliferating ASM cells phenotypically manifest
a less contractile state in vitro, with reduced contractile protein
expression (9). Asthmatic ASM also secretes more cytokines,
chemokines, and extracellular matrix–modifying enzymes than
does ASM from control samples (10–14). A fixed narrowing of
the airways is hypothesized to occur in fatal asthma, which ren-
ders patients resistant to bronchodilator therapy (15). Although
several studies characterized the molecular components of path-
ogenic ASM hyperplasia and hypertrophy in asthma (e.g., extra-
cellular regulated kinase [ERK], phosphoinositide-3 kinase, S6
kinase, and glycogen synthase kinase 3 beta) (1, 16), abnormali-
ties in procontractile signaling pathways in asthmatic ASM re-
main relatively undefined.

Soluble mediators linked to allergen-induced inflammation in-
clude histamine, leukotrienes, bradykinin, and thrombin, which
evoke ASM contraction by stimulating G-protein–coupled recep-
tor (GPCR) coupled to the activation (GTP binding) of G-protein
alpha q (Gaq) (17). Activated Gaq stimulates phospholipase Cb
(PLCb), which hydrolyzes phosphatidylinositol 4,5-bisphosphate
to generate inositol (3,4,5)-trisphosphate (IP3). IP3 elicits the re-
lease of Ca21 from sarco/endoplasmic reticulum by the activation
of IP3 receptors. The hydrolysis of GTP by Gaq promotes path-
way deactivation through the formation of inactive Gaq–GDP–
Gbg heterotrimers. These upstream phenomena increase the
frequency of intracellular Ca21 oscillations, which induce the
Ca21–calmodulin–dependent protein kinase–mediated activation
of myosin light chain kinase (MLCK). The phosphorylation of
the myosin light chain on serine 19 by MLCK promotes actin–
myosin cross-bridge formation (17).

In this study,we examined theGPCR-inducedCa21mobilization
and expressed GPCR pathway components in ASM cells cultured
from patients with and without asthma. We focused on the expres-
sion of regulator of G-protein signaling (RGS) proteins as potential
modulators of bronchial contractility in asthma. RGS proteins have
emerged as physiologically important components of cellular desen-
sitization to GPCR stimulation by virtue of their ability to acceler-
ate GTP hydrolysis by Gaq, and thereby blunt downstream effector
activation (18). Recently, we showed that ASM cells from healthy
subjects expressed RGS 2, 3, 4, and 5 (19). Here we found that the
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CLINICAL RELEVANCE

We show that a negative regulator of G-protein–coupled
receptor–mediated airway smooth muscle (ASM) contrac-
tion, regulator of G-protein signaling–5 (RGS5), is up-regulated
in human asthmatic airways. RGS5 could contribute to a
hypocontractile ASM state in severe asthma, leading to
fixed airway obstruction.
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expression of RGS5 was increased in ASM cells of patients with
asthma, and that RGS5 overexpression inhibited bronchial con-
traction. RGS5 appears to be a physiologically relevant inhibi-
tor of bronchial smooth muscle shortening in asthma.

MATERIALS AND METHODS

Additional methods are available in the online supplement.

Subjects

Subjects with asthma and control subjects without asthma were
recruited from Leicester, United Kingdom. Subjects with asthma had
a consistent history and objective evidence of asthma, as described pre-
viously (20) and as outlined in Table 1. Subjects underwent extensive
clinical characterization, including video-assisted fiberoptic bronchoscopic

examination. This study was approved by the Leicestershire Ethics
Committee. All patients gave written, informed consent.

Cell Culture and Tissues

Human ASM cells and bronchial tissue from healthy donors and indi-
viduals with asthmawere isolated from lungs obtained postmortem from
the National Disease Research Interchange (Philadelphia, PA), follow-
ing previously established procedures (21). The isolation of ASM was
performed in accordance with protocols approved by the Committee
on Studies Involving Human Beings at the University of Pennsylvania.
ASM cells were maintained in Ham’s F-12 medium (Invitrogen, Carls-
bad, CA) supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 25 mM HEPES buffer. Cells in subculture during
passages 2–5 were used. Clinical profiles and demographics of analyzed
samples (where known) are shown in Table 2. Human embryonic kid-
ney 293T cells (HEK293T cells) were obtained from the American
Tissue Type Culture Collection (Manassas, VA) and were cultured in
Eagle’s minimal essential medium (Invitrogen) supplemented with
10% FBS and antibiotics, as already described.

Statistical Analysis

Functional data were analyzed by one-way or two-way ANOVA or the
Student t test, using PRISM software (GraphPad, La Jolla, CA). Sta-
tistical outliers were determined by Grubb’s test. We considered P ,
0.05 statistically significant.

RESULTS

Reduced Excitation–Contraction Coupling

in Asthmatic ASM

To evaluate signaling pathways modulating myocyte contractil-
ity in severe asthma, we cultured ASM cells postmortem from
patients who died of respiratory failure because of severe
asthma, and compared their functional responses to those from
control subjects without asthma. We measured GPCR-induced
Ca21 mobilization after stimulation with substances present at
elevated concentrations in asthmatic airways (histamine, brady-
kinin, and thrombin) (22) (Figures 1A–1C). We incubated cells
with a Ca21-binding fluorophore, and detected intracellular

TABLE 1. CLINICAL AND SPUTUM CHARACTERISTICS OF
SUBJECTS UNDERGOING ENDOBRONCHIAL BIOPSY

Normal Severe Asthma

Number 8 9

Age, yr, median (range) 55 (27–61) 51 (44–57)

Male (n) 4 6

Cigarette pack years* 0 (0) 0 (0–10)

Atopy (n) 5 7

PC20FEV1, mg/ml, median (range) .16 1.2 (0.5–3.3)

FEV1 percent predicted* 105 (5) 83 (6)

FEV1/FVC percentage* 82 (2) 72 (4)

Inhaled corticosteroids, beclamethasone

diproprionate/d, median (range)

0 1,600 (1200–2,000)

Oral corticosteroids (n) 0 2

LABA (n) 0 11

Sputum cell counts

TCC¶ 2.3 (1.5) 4.0 (0.7)

Eosinophil percentage, median (range) 0.7 (0.6–0.8) 8.5 (0.5–45)

Neutrophil percentage* 67 (7) 48 (10)

Macrophage percentage* 22 (7) 27 (6)

Definition of abbreviations: LABA, long-acting b-adrenergic agonists; PC20,

provocation concentration producing a 20% fall in FEV1; TCC, total cell count.

*Mean (SE).

TABLE 2. CLINICAL PROFILES AND DEMOGRAPHICS OF ANALYZED HUMAN SAMPLES

Status Sex Age (yr) Race Smoking Status Causes of Death

Male 37 African American S Intracranial hemorrhage

Control Male 19 African American NS Closed head injury

Male 50 White NS Intracranial hemorrhage

Male 49 Hispanic S Cerebrovascular accident

Male 25 White S Cardiac arrest

Female 23 African American S Unknown

Female 19 African American NS Unknown

Male 21 White S Head trauma

Female 49 Hispanic NS Unknown

Female 47 White NS Cerebrovascular accident

Male 28 African American S Gunshot wound

Male 28 Asian NS Head trauma

Female 22 White S Gunshot wound

Female 24 White NS Cerebrovascular accident

Male 31 African American NS Anoxia, secondary to asthma attack

Male 13 White NS Anoxia, secondary to asthma attack

Asthma Male 44 Hispanic NS Anoxia, secondary to asthma attack

Female 46 White NS Anoxia, secondary to asthma attack

Female 15 Hispanic NS Anoxia, secondary to asthma attack

Male 59 White S Stroke

Female 48 White NS Anoxia, secondary to asthma attack

Male 9 White NS Anoxia, secondary to asthma attack

Female 44 White NS Respiratory arrest

Male 44 Hispanic NS Anoxia, secondary to asthma attack

Definition of abbreviations: NS, nonsmoker; S, smoker.
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fluorescence over a period of several minutes after stimulation.
The addition of agonist led to a rapid increase in intracellular

Ca21, followed by a slower decline in concentration, consistent

with IP3-mediated Ca21 mobilization from intracellular stores

(representative kinetic tracings are shown in Figure 1 at left).

Although the response to bradykinin and thrombin was similar

in asthmatic and nonasthmatic ASM cells (Figures 1A and 1B),

histamine induced significantly less Ca21 flux in asthmatic cells

(Figure 1C). These results suggest that ASM cells from subjects

with asthma manifest impaired excitation–contraction signaling

responses to some but not all GPCR ligands.

GPCR and Signaling Protein Expression in Asthmatic ASM

Thapsigargin, which raises intracellular Ca21 concentrations by
blocking the sarco/endoplasmic reticular Ca21 ATPase (SERCA)

pump and depleting endoplasmic reticulum stores, or the Ca21

ionophore (ionomycin) triggered equivalent Ca21influx in asth-

matic and nonasthmatic ASM cells (Figures 1D and 1E), indicating

intact Ca21 homeostasis mechanisms in asthmatic cells. Alterna-

tively, the selectively reduced responses of asthmatic ASM cells to

histamine relative to control samples could have resulted from

reduced receptor expression. However, we found increased brady-

kinin B2 receptor (B2R) expression in asthmatic ASM cells

Figure 1. Decreased G-protein–
coupled receptor (GPCR)–evoked

Ca21 mobilization in asthmatic

airway smooth muscle (ASM).
(A–D) ASM cells derived from

healthy donors or subjects with

asthma were labeled with Ca21

-binding fluorophore, followed
by stimulation with increasing

concentrations of bradykinin (A),

thrombin (B), or histamine (C),

and by measurement of intra-
cellular Ca21 by fluorimetry.

Representative kinetic tracings

for bradykinin (100 nM),

thrombin (10 U/ml), and hista-
mine (1 mM) are shown at left.

Arrowheads indicate the time

of stimulus addition. Relative
fluorescence units (RFU) were

normalized to the cell number

and percent maximal response

to each concentration at right.
Graphs represent the mean 6
SEM of seven independent

experiments performed in

quadruplicate, using cells de-
rived from 3–5 individual

donors in each group. ***P ,
0.0001, least-squares fit,
logEC50 and Emax. (D and E)

Cytosolic Ca21 was measured

upon stimulation with the indi-

cated concentrations of thapsi-
gargin (D) or ionomycin (E), as

already described. The data in

D and E represent the mean 6
SEM of two experiments per-
formed in quadruplicate, using

cells from separate donors.
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compared with control samples, whereas the expression of his-
tamine H1 receptor (H1R) and thrombin receptors protease-
activated receptor 1 (PAR1) was equivalent (Figures 2A–2C).
These results suggest that the reduced histamine-induced Ca21

mobilization in these cells resulted from a postreceptor defect.
Because the abundance of effectors mediating Ca21 flux imme-

diately downstream of GPCRs (Gaq and phospholipase C beta 1
[PLCb1]) was similar in asthmatic and nonasthmatic ASM cells
(Figure 2D), we further analyzed gene expression related to GPCR
signaling by a quantitative PCR array (a full gene list is provided in
Table E1 in the online supplement). Notably, the expression
of cell-cycle genes (cyclin D1, E1, and E2), prosurvival factors
(Akt1), cytokines (IL-1b and vascular endothelial growth factor
[VEGF]), and matrix metalloproteinases (MMP9; an z 30-fold
increase) was increased in ASM cells from subjects with asthma
relative to control subjects, consistent with the previously

described proliferative/synthetic phenotype of asthmatic ASM.
Although the expression of several GPCRs and signaling mole-
cules was increased in asthmatic ASM cells compared with con-
trol samples (e.g., the adenosine A2a receptor [A2aR], 12-fold;
the sphingosine-1–phosphate-1 receptor, 10-fold; and b-arrestin
1/2, 7-fold), we did not detect corresponding significant changes
in the expression of these proteins, with the exception of A2a
receptors (Figures 3A–3D).

RGS5 Is Up-Regulated in Asthmatic ASM

Because our studies thus far failed to reveal changes in procontrac-
tile signaling components that could underlie the abnormal hista-
mine response of asthmatic ASM cells, we considered other
modulators of GPCR signal transduction pathways. The expres-
sion of RGS proteins, which are potent negative regulators of

Figure 2. GPCR and signaling protein expres-

sion in ASM. (A–C) Expression of bradykinin B2

(A), histamine H1 (B), or PAR1 (C) receptors was
determined by immunoblotting. *P ¼ 0.04,

Mann-Whitney U test. (D) Relative expression

of signaling proteins in control and asthmatic

ASM cells was determined by densitometry (nor-
malized to b-actin, n ¼ 3–7 donors/group). WB,

Western blot.
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GPCRs, is often dynamically regulated in diseased tissue or in re-
sponse to environmental stimuli (18). We hypothesized that RGS
expression could be altered in asthmatic ASM, and specifically
RGS5, which we previously identified as a physiological, relevant
modulator of GPCR signaling in healthy ASM cells (19). Similar
to control cells, ASM from asthmatic cells predominantly
expressed RGS 2–5 (Figure 4A). Because unique primer pairs
detected individual RGS gene expressions, relative amounts of
each could not be compared by this method. We evaluated the
expression of specific RGSs individually by real-time PCR. Al-
though quantities of RGS 2, 3, and 4 were similar in ASM cells
from healthy donors and from donors with asthma (Figures 4B–
4D), RGS5 mRNA was significantly increased in asthmatic ASM
relative to control ASM (Figure 4E). To determine whether
RGS5 protein expression was increased in cells from subjects
with asthma relative to subjects without asthma, we prepared
lysates from cultured ASM cells and analyzed RGS5 quantita-
tively by immunoblotting. Concentrations of RGS5 were signifi-
cantly increased in ASM cells from several patients with asthma,
compared with control subjects (Figures 5A and 5B).

Increased RGS5 Expression in the Asthmatic Lung

To ascertain whether the changes in amounts of RGS5 in
ASM cells from subjects with asthma correlated with the expres-
sion of RGS5 in vivo, we measured RGS5 mRNA in bronchial
tissue from subjects with asthma and subjects without asthma by
quantitative PCR. RGS5 was significantly increased in asthmatic
lung tissue relative to control lung tissue (Figure 6A). To deter-
mine which cells express RGS5 protein in vivo, we evaluated
endobronchial biopsies from subjects with asthma and age-
matched healthy control subjects by immunohistochemistry. We
obtained samples from patients with severe asthma according to

criteria established by the Global Initiative for Asthma (Table 2).
RGS5 was expressed predominantly in ASM bundles in situ, and
bronchial smooth muscle from subjects with asthma demonstrated
significantly increased numbers of RGS51 ASM cells compared
with healthy subjects (Figure 6B). Furthermore, RGS5 mRNA
concentrations were 6-fold higher in whole-lung tissue from
allergen-sensitized and allergen-challenged mice compared with
naive mice (Figure 6C), and RGS5 was detected in lung ASM
of challenged mice (Figure 6D). Lung epithelium also stained with
the RGS5 antibody in wild-type (WT) mice. However, similar
epithelial staining was present in lung sections from in Rgs52/2

mice (Figure E1 in the online supplement). Thus, the expression
of RGS5 in murine lungs is restricted to ASM and is up-
regulated in vivo in the setting of asthmatic/allergic pulmonary
inflammation in both mice and humans.

RGS5 Overexpression Inhibits Ca21 Release in ASM

and Bronchial Contractions

To assess the functional significance of elevated RGS5 expression
in the bronchi of subjects with asthma for smooth muscle Ca21

signaling, we expressed RGS5 in ASM cells from healthy donors
by lentiviral transduction. The overexpression of RGS5 in
ASM cells (Figure 7A) led to a greater than 50% reduction in
Ca21 mobilization in response to bradykinin, thrombin, and his-
tamine (Figure 7B). Because we could not detect Ca21 flux in
ASM stimulated with carbachol, most likely attributable to the
previously described down-regulation of M3 muscarinic receptors
in ASM cultures (23) (Figure 7C), we expressed RGS5 in
HEK293T cells, which have endogenous M3 receptors. Compared
with cells expressing empty vector, RGS5-overexpressing cells
showed significantly reduced Ca21 after stimulation with carba-
chol (Figure 7D).

Figure 3. Protein expression in asthmatic and

nonasthmatic ASM cells. (A–D) Relative expres-
sion of proteins (adenosine A2a [A2a] receptors,

Akt1, and b-arrestin) in control and asthmatic

ASM cells was determined by densitometry

(mean 6 SEM normalized to b-actin, n ¼ 3–7
donors/group). ***P ¼ 0.0001, unpaired t test.
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To determine how RGS5 overexpression affected GPCR-
evoked contractility, we transduced precision-cut lung slices
(PCLS) with lentivirus encoding RGS5, and measured airway
luminal narrowing by microscopy. Because our previous work
indicated that these lung slices do not contract well to agonists
other than carbachol (data not shown) (24), we measured airway
contraction in response to carbachol. RGS5 mRNA concentra-
tions were significantly increased in lung slices transduced with
RGS5-encoding lentivirus compared with control virus (LacZ)
(Figure 7E). The overexpression of RGS5 significantly reduced
the maximal contraction of PCLS elicited by carbachol (Figure
7F). In concordance with our previous study using PCLS from
RGS5-deficient mice (19), the overexpression of RGS5 did not
affect the potency of carbachol (log[EC50], 0.68 6 0.1 mM ver-
sus 0.73 6 0.14 mM), but reduced the maximal contraction
(Emax, 94% 6 3.3% versus 80.2% 6 3.4%; P ¼ 0.007). Thus,
RGS5 inhibits the contraction of human bronchi in response to
muscarinic receptor activation.

DISCUSSION

Although allergic inflammation has a central function in the es-
tablishment and maintenance of airway hyperresponsiveness
(AHR) in asthma, only 50% of patients with asthma are atopic
(25). Moreover, the degree of inflammation present in asthmatic
lungs may not correlate with the degree of AHR (26). Such
findings suggest that intrinsic abnormalities in lung structural
cells, including ASM, merit distinct consideration in severe or
fatal disease. Unfortunately, only a few studies have addressed

the excitation–contraction coupling and contractile function of
ASM cells because of the difficulties in obtaining ASM cells in the
setting of fatal asthma (death from asthma is relatively rare), and
because of the lack of adequate techniques to address the

Figure 4. Regulator of G-protein signaling (RGS)
expression in asthmatic ASM. (A) Expression of

RGS mRNAs was determined in ASM from sub-

jects with asthma by real-time PCR (mean 6
SEM of seven donors relative to RGS5, set as
1). (B–E) Expression of individual RGS mRNAs

in asthmatic and nonasthmatic ASM cells was

determined by real-time PCR (mean 6 SEM rel-

ative to a single control donor, set as 1). *P ¼
0.03, unpaired t test.

Figure 5. RGS5 protein is up-regulated in asthmatic ASM cells. (A) Ex-
pression of RGS5 in asthmatic and nonasthmatic ASM cells was evaluated

by immunoblotting. (B) Relative expression of RGS5 in control and asth-

matic ASM cells was determined by densitometry (mean 6 SEM of four

control donors and three donors with asthma, normalized to b-actin). **P¼
0.003, unpaired t test.
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contractile function of ASM cells in vitro. Here we studied up-
stream, receptor-related events leading to cellular contraction
(Ca21 flux) and the expression of components of procontractile
GPCR pathways in ASM cells from patients with and without
asthma, in an attempt to uncover new or unique therapeutic
targets.

Our experiments revealed differences in GPCR-evoked
Ca21 mobilization in asthmatic and nonasthmatic ASM cells.
We found reduced peak Ca21 concentrations after stimulation
with histamine, but not bradykinin or thrombin, in asthmatic
ASM cells compared with nonasthmatic ASM cells. Our results
differ from those of Mahn and colleagues (27), who found re-
duced responses of asthmatic ASM to bradykinin. They observed
that the recovery of Ca21 concentrations to baseline was delayed
in asthmatic cells, which they attributed to depleted sarcoplasmic
reticulum Ca21 stores resulting from decreased SERCA concen-
trations. In contrast, we detected equivalent responses to the
SERCA inhibitor thapsigargin and similar kinetics of Ca21 re-
covery after the GPCR stimulation of healthy and asthmatic
ASM cells. These results indicate that Ca21 stores were compa-
rable in our samples. Our study and that of Mahn and colleagues
contain the key difference that Mahn and colleagues (27) ob-
tained bronchial specimens from subjects with mild to moderate
asthma, whereas we studied ASM cells from bronchi obtained
postmortem from patients who died of asthma.

We found that the total expression of receptor-stimulated sig-
naling components such as Gaq and PLCb1 was equivalent in
our ASM samples, whereas amounts of bradykinin B2 and
adenosine A2a receptor were significantly increased in asth-
matic cells relative to control cells. We are unaware of any
extensive comparison of GPCR expression in asthmatic and
nonasthmatic ASM cells reported by others, and B2 receptor
concentrations were not assessed in the study of Mahn and
colleagues (27). Cytokines, including IFN-g and TGF-b, which

are both increased in asthmatic airways (5), up-regulate ASM
GPCR expression in cultured ASM cells (cysteinyl leukotriene
D1 and B2, respectively) (28, 29). Asthmatic ASM cells also
express higher concentrations of C-C chemokine receptor 3, which
may mediate migration and cytokine secretion (30). Although the
amounts of Gaq were increased in bronchial tissue from allergen-
sensitized and challenged mice in a previous study, we observed no
changes in Gaq expression in asthmatic human ASM cells com-
pared with control cells. These findings are similar to those of
McGraw and colleagues (31), who demonstrated unchanged
Gaq concentrations in Gai2 inhibitory peptide transgenic mice,
which demonstrate increased AHR relative to wild-type mice in
the absence of allergic inflammation. Currently, the physiological
significance of altered G-protein expression in these models has
not been clearly established.

Because no obvious reductions in receptor, G-protein, or ef-
fector expression could account for the impaired histamine-
evoked Ca21 mobilization in asthmatic ASM cells, we analyzed
the expression of other genes that could potentially regulate
excitation–contraction pathways. Consistent with the prolifera-
tive phenotype of asthmatic cells observed by others (8), the
expression of cyclins and antiapoptosis factors (Akt, Elk1/4,
and Bcl2) was substantially increased compared with that in
control cells. In addition, asthmatic cells displayed a synthetic/
secretory phenotype, as evidenced by the up-regulation of cyto-
kines and matrix-modifying enzymes such as MMP9, VEGF,
C-C chemokine ligand 2, and connective tissue growth factor,
among others, as shown in previous studies (5, 32). We also
detected increased expression of adenosine A2a and sphingo-
sine-1–phosphate receptors in asthmatic ASM cells, which were
reported by others to affect bronchial smooth muscle tone (33–
35), suggesting physiological relevance to asthma.

To sum upmost important finding of this study, the expression
of RGS5 mRNA and protein was significantly up-regulated in

Figure 6. Increased RGS5 expression in

asthmatic bronchi. (A) RGS5 mRNA ex-

pression in bronchial tissue from donors

with and without asthma (Table 2) was
evaluated by real-time PCR (mean6 SEM

of 3–6 donors). *P ¼ 0.04, Mann-Whitney

U test. (B) Representative photomi-
crographs of a bronchial biopsy from

a donor with asthma (magnification,

3200), stained with either isotype con-

trol antibody (Ab; left) or RGS5 antibody
(right), illustrating RGS51 cells within the

ASM bundle (dot-plot of the number of

RGS51 cells/mm2 ASM). Horizontal bars

represent the medians and interquartile
ranges. *P ¼ 0.028, Mann-Whitney U test.

(C) RGS5 mRNA expression in bronchial

tissue from PBS-challenged or Af-chal-
lenged mice was evaluated by real-time

PCR (mean 6 SEM of three mice/group).

Ag, allergen. ***P ¼ 0.0006, unpaired t

test. (D) Paraffin-embedded sections of
lungs from naive and allergen (Aspergillus

fumigatus)-challenged mice were evalu-

ated by immunohistochemistry, using an

RGS5 antibody. Images (magnification,
340) are derived from a single mouse,

representative of three mice/group, and

RGS5 staining is brown. H&E, hematoxylin

and eosin. Arrows show the sites of RGS5
expression.
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asthmatic ASM compared with nonasthmatic cells and lung
tissue. Asthmatic ASM cells displayed reduced histamine re-
sponses relative to nonasthmatic ASM cells, but had comparable
to responses to bradykinin and thrombin. These results suggest
that RGS5 is a regulator of histamine-mediated contractile sig-
naling in asthmatic ASM, but may not couple to bradykinin or
PAR1 receptors in these cells. Our previous work demonstrated
that short interfering (si)RNA-mediated RGS5 knockdown in
healthy ASM cells augmented thrombin responses (19). In a sep-
arate study, RGS5 specifically inhibited angiotensin II type 1A
receptor–mediated but not muscarinic M3 receptor–mediated
ERK activation in vascular smooth muscle cells. In contrast,
Anger and colleagues found that RGS5 impaired carbachol-
mediated IP3 formation and ERK activation in COS-7 cells
expressing M3 receptors (36). Collectively, these results suggest
the receptor-selective, and perhaps cell type–specific, regulation
of signaling by RGS5 (37).

We also demonstrated that the overexpression of RGS5
inhibited PCLS contraction to carbachol. A current limitation of
our PCLS transfection involved the nonselective overexpression/
knockdown in the slices, and future studies using lentivirus driven
by a smooth muscle–specific promoter will allow us to achieve
selective expression in ASM. However, agonist-induced bron-
choconstriction is visualized directly, which is mediated by ASM
contraction. Although the contribution of factors secreted by

epithelial cells or other cells cannot be formally excluded, the
sections are aggressively washed immediately before the addi-
tion of an agonist, which induces a reduction in airway diameter
within minutes. We showed that RGS5 overexpression blunts
the Ca21 signaling evoked by procontractile ligands, including
carbachol (Figures 7B and 7D). In addition, because we ob-
served previously that PCLS from Rgs5–/– mice contracted sig-
nificantly more to carbachol than did airways from WT mice
(19), these studies indicate that RGS5 is a physiologically rele-
vant modulator of airway contraction.

We also determined previously that the prolonged exposure
of ASM to b-adrenergic agonists down-regulates RGS5 ex-
pression (19). Thus, we may be underestimating the extent
of RGS5 up-regulation in ASM from patients with severe
asthma who died of asthma, given that such patients were
probably exposed to sustained high doses of b-agonist. What
mechanisms might underlie the increased RGS5 quantities in
asthmatic ASM? RGS5 is up-regulated in arterial smooth
muscle in models of skin wound–healing and tumor angio-
genesis (38), suggesting that extracellular matrix–modifying
enzymes and growth factors linked to airway remodeling in
asthma also modulate RGS5 expression. Inflammatory cyto-
kines (Th2-related, IL-1, and TNF-a) also directly influence
GPCR responsiveness (39). IL-13 increases the Ca21 respon-
siveness of ASM to histamine, bradykinin, and acetylcholine

Figure 7. RGS5 inhibits GPCR-induced Ca21 mobilization
and airway contraction. (A and B) ASM derived from

healthy donors was left untreated or was transduced with

lentivirus encoding b-galactosidase or RGS5. (A) The ex-

pression of recombinant proteins was determined by im-
munoblotting cell lysates with anti-V5 antibody. b-gal,

b-galactosidase. (B) Control or lentivirus-transduced cells

were stimulated with histamine (10 mM), bradykinin (100

nM), or thrombin (1 U/ml), followed by measurement of
intracellular Ca21 concentrations, as in Figure 1. Data rep-

resent the mean 6 SEM of two independent experiments

performed in quadruplicate, using cells derived from two
healthy donors. ***P , 0.001, one-way ANOVA. (C) Hu-

man ASM cells were stimulated with various concentra-

tions of carbachol (CCh), followed by measurement of

intracellular Ca21 concentrations by fluorimetry. Graphs
represent the mean 6 SEM of two independent experi-

ments performed in quadruplicate, using cells derived

from two individual donors. (D) HEK293T cells were trans-

fected with plasmids encoding RGS5 or b-galactosidase
(control), followed by the measurement of Ca21 flux after

stimulation with carbachol (100 mM) or vehicle alone.

Data represent the mean 6 SEM of two independent
experiments, measured in quadruplicate. ***P , 0.01,

two-way ANOVA. (E) Precision-cut human lung slices

(PCLS) were prepared as described in MATERIALS AND METH-

ODS. The expression of RGS5 in slices was determined by
quantitative PCR. *P ¼ 0.01, Mann-Whitney U test. (F)

PCLS were contracted to various concentrations of carba-

chol, followed by measurement of airway luminal diame-

ter by microscopy. The data represent mean6 SEM of 3–4
airways in each group, as performed in two independent

experiments. CTL, control.
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(Ach), and the contraction of tracheas to Ach (40). Although
our preliminary work indicates that IL-13 does not affect
RGS5 expression in ASM (data not shown), numerous cyto-
kines and chemokines modify RGS protein transcription in
other cell types (18).

Finally, whether the up-regulation of RGS5 in asthmatic
ASM is beneficial or maladaptive remains unclear. Recently,
Li and colleagues demonstrated that transgenic mice expressing
a cardiac-specific Rgs5 transgene were resistant to hypertrophic
cardiomyopathy and fibrosis, whereas Rgs5–/– mice were more
sensitive to pressure overload–induced cardiomyopathy than
were WT mice (41). The up-regulation of RGS5 could be a com-
pensatory event that protects ASM from chronic hyperstimula-
tion in asthma. Future studies of bronchial contraction in mice
with varying amounts of RGS5 expression in models of allergic
and nonallergic pulmonary inflammation will be needed to ad-
dress this and other issues more fully.

Author disclosures are available with the text of this article at www.atsjournals.org.
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