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Asthma is defined by airway inflammation and hyperresponsive-
ness, and contributes tomorbidity andmortality worldwide. Although
bronchodilation is a cornerstone of treatment, current bronchodilators
become ineffective with worsening asthma severity. We investigated
an alternative pathway that involves activating the airway smooth
muscle enzyme, soluble guanylate cyclase (sGC). Activating sGC by its
natural stimulant nitric oxide (NO), or by pharmacologic sGC agonists
BAY 41–2272 and BAY 60–2770, triggered bronchodilation in normal
human lung slices and in mouse airways. Both BAY 41–2272 and BAY
60–2770 reversed airway hyperresponsiveness in mice with allergic
asthma and restored normal lung function. The sGC from mouse asth-
matic lungs displayed three hallmarks of oxidative damage that render
it NO-insensitive, and identical changes to sGC occurred in human lung
slices or in human airway smooth muscle cells when given chronic NO
exposure to mimic the high NO in asthmatic lung. Our findings show
how allergic inflammation in asthma may impede NO-based broncho-
dilation, and reveal that pharmacologic sGC agonists can achieve bron-
chodilation despite this loss.
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Asthma is an inflammatory disease that causes airway hyper-
reactivity (AHR) and bronchoconstriction, which impedes

daily life activities and, when severe, can cause death. It is the most
common chronic disease of childhood, accounts for one in three
emergency department visits daily, and asthma diagnoses are in-
creasing worldwide (1). The leading treatment for relief and acute
care is bronchodilation, which relies heavily on the β-adrenergic
receptor-cAMP pathway. Nearly 70% of patients, however, de-
velop resistance or tachyphylaxis to the existing β-agonist therapy
(2), underscoring a need for new bronchodilators that can act
through a different pharmacologic principle.
The nitric oxide-soluble guanylate cyclase-cGMP pathway

(NO-sGC-cGMP) is the primary signal transduction pathway for
relaxing vascular smooth muscle (3). In contrast, a role for the
NO-sGC-cGMP pathway in relaxing airway smooth muscle is less
clear (4, 5), and bronchodilation was instead suggested to depend
on glutathione nitrosothiol levels in the lung (6, 7). However, re-
cent studies have shown that inflammation can desensitize sGC
toward its natural activator, NO (8), and new drugs have become
available that directly activate sGC, independent of NO (9). These
developments encouraged us to re-examine the NO-sGC-cGMP
pathway regarding its role in bronchodilation, its becoming dam-
aged in inflammatory asthma, and its potential for alternative
bronchodilator development under this circumstance.

Results
The NO-sGC-cGMP Pathway Bronchodilates Human Lung. We first
tested if stimulating the NO-sGC-cGMP pathway would dilate
preconstricted small airways in human precision-cut lung slices
(PCLS) obtained from healthy donor lungs (Fig. 1A and Table

S1). Graded doses of the slow-release NO donor DETA/NO
[3,3-Bis(aminoethyl)-1-hydroxy-2-oxo-1-triazene] produced bron-
chodilation in human PCLS similar to what was induced by a
standard β-agonist bronchodilator, Formoterol (Fig. 1B). In ad-
dition, having a NO donor (sodium nitroprusside, SNP) present at a
subeffective concentration made the preconstricted human small
airways more responsive to lower doses of the β-agonist broncho-
dilator Isoproterenol (Fig. 1C). This finding shows that triggering the
NO-sGC-cGMP pathway bronchodilated the preconstricted human
lung, and could also synergize with β-adrenergic-based bronchodi-
lators in doing so. We confirmed a similar role for the NO-sGC-
cGMP pathway in bronchodilating the mouse airway, using tracheal
rings that we isolated from normal or sGC-β1−/− mice (Fig. S1).

Direct-Acting Pharmacologic sGC Agonists Bronchodilate Human
Lung. The pharmacologic agent Riociguat is an NO-independent
sGC stimulator (10) that was recently approved to treat patients
with different forms of pulmonary hypertension. Riociguat, and
it’s structural analog BAY 41–2272 (BAY 41), only stimulate the
NO-responsive, heme-containing form of sGC (9), whereas
Cinaciguat or its structural analog BAY 60–2770 (BAY 60) only
stimulate the oxidatively damaged, heme-free and NO-insensitive
forms of sGC (11), which may accumulate in cells and tissues under
inflammatory oxidative stress (10, 12). We found that BAY 41–2272,
and to a lesser extent BAY 60–2770, bronchodilated the pre-
constricted human PCLS obtained from healthy donors (Fig. 1D).
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Thus, pharmacologic agents that act directly on sGC can broncho-
dilate constricted airways in human lung.

sGC Agonist Drugs Eliminate Airway Hyperresponsiveness in Mouse
Models of Allergic Asthma. We next tested if the sGC stimulator
BAY 41–2272 and sGC activator BAY 60–2770 would act as
bronchodilators in vivo in two different mouse models of asthma,
one in which the mice are sensitized and challenged to ovalbumin
protein (OVA), and another in which mice are exposed to house
dust mite allergen extract (HDME) (Fig. S2). OVA is a standard
experimental model of mouse allergic airway inflammation, whereas
HDME more closely mimics human sensitization via airway
epithelial cells, and dust mites are a common worldwide asth-
matic allergen (13). The allergen sensitizations and subsequent
7-d exposure caused an expected asthma-like inflammation to
develop in the mouse lungs for both models, as judged by an
increase in eosinophil numbers and an increased expression of
the NO-generating enzyme, inducible NO synthase (iNOS) (Fig.
S3). The inflammation only partly diminished (OVA) or did not
alter (HDME) the sGC protein expression levels in mouse lungs
(Fig. S3), which correlates with our finding a near normal sGC
expression level in lung tissues and cell samples that we recovered
from human asthmatics (Fig. S4).
The OVA and HDME mice displayed a typical hyperresponsive-

ness in their airway resistance toward the administered airway
constrictor methacholine (Mch) (Fig. 2 A and B), as is also seen
in human asthmatics during testing of their airway function. Re-
markably, administering a single dose of BAY 41–2272 or BAY 60–
2770 into the trachea of the asthmatic mice, 30 min before testing,
greatly reduced or eliminated the hyperresponsiveness in both
mouse models of asthma (Fig. 2 A and B); and here BAY 60–
2770 was equally or somewhat more effective than BAY 41–
2272 in both asthma models. Experiments using tracheal rings of
sGC-β1−/− mice confirmed that both drugs bronchodilated through
sGC and not through off-target effects (Fig. 2 C–F). Because the
ability of BAY 41–2272 and BAY 60–2770 to resolve AHR in these
murine models of asthma is similar to the therapeutic effect of

β-agonist drugs, it implies that sGC-targeted drugs could be ef-
fective for inducing bronchodilation in asthmatics.

Biomarkers of sGC Damage Manifest in the Mouse Asthmatic Lung
and Correlate with an Altered sGC Drug-Response Profile. To explore
this mechanism, we analyzed lung tissues that were harvested
from the naïve and OVA or HDME asthmatic mice. The lung
sGC from both the OVA and HDME mice had a decreased
catalytic response (cGMP production) toward NO and BAY 41–
2272 and an increased catalytic response toward BAY 60–2770,
relative to lung sGC from naïve mice (Fig. 3A). This response
pattern matches what we saw in the live asthmatic mice regarding
their nearly equivalent airway responses toward BAY 41–2272
and BAY 60–2770 (Fig. 2), and implies that the allergic in-
flammation caused a significant portion of the lung sGC to ac-
cumulate in an oxidatively damaged and NO-unresponsive—but
BAY 60–2270-responsive—form. Indeed, the sGC-β1 from the
asthmatic lungs exhibited three biochemical hallmarks of being
damaged and NO-unresponsive (14, 15): an increased level of
cysteine S-nitrosylation (Fig. 3 B and C), a diminished association
with its partner sGC-α1 subunit, and an enhanced association with
the cellular chaperone hsp90 (Fig. 3 D and E).

Biomarkers of sGC Damage Manifest in Human PCLS Exposed to
Chronic NO. To see if similar changes occur in human lung under
nitrosative stress, we exposed human PCLS overnight to constant
NO generation by a slow-release NO donor (DETA/NO) to mimic
the chronic NO exposure that occurs naturally in asthmatic human
lung (16, 17). This treatment did not diminish expression of sGC-
β1 (Fig. 3 F and G) but did increase its S-nitrosylation (SNO)
level, decrease its sGC-α1 association, and increase its hsp90 as-
sociation (Fig. 3 F–H). We also found similar sGC protein ex-
pression levels in asthmatic and normal human lung tissues, and in
primary cultures of human airway smooth muscle cells (HASMC)
that were isolated from either asthmatic or healthy human donor
lungs (Fig. S4). Thus, neither an asthma-like airway inflamma-
tion nor chronic NO exposure significantly diminished sGC protein

Fig. 1. NO donors and sGC stimulators and activators bronchodilate human lung slices. (A) Small airways in human PCLS were contracted with CCh followed by
addition of the indicated compounds and image collection and processing to determine bronchiole lumen area, expressed as percent compared with baseline.
(B) NO donor (DETA/NO) caused a dose-dependent bronchodilation in a manner similar to the β-agonist Formoterol. (C) Coadministering a subthreshold dose of
NO donor (SNP, 1 μM) enhanced Isoproterenol (ISO) dilation of PCLS. (D) Differing capacity of the BAY sGC activators to dilate PCLS relative to Formoterol, with
the final sGC-α1 and β1 expression levels in the slices compared below. For A, n = 3; for B–D, n = 2; mean ± SD; four to seven slices per condition.
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expression, but both circumstances did cause sGC to show hallmarks
of oxidative damage that are associated with its NO-insensitive form.
These biochemical transitions of sGC likely explain why BAY 60–
2770 became a more effective bronchodilator in the asthmatic mice.

Cell Coculture Experiments Reveal Dynamics and Links Between NO
Production, sGC Damage, and sGC Drug Response. In small airways,
a layer of epithelial cells that express iNOS and generate NO (18,
19) overlie a layer of smooth muscle cells that express sGC and
are responsible for constricting or relaxing the bronchial pas-
sages (4, 5). To probe the mechanism within a similar setting, we
performed Transwell coculture experiments with spatially sepa-
rated NO-generating and sGC-expressing cells, and examined if
this would recapitulate the changes in sGC that we observed in
the mouse asthmatic lungs or in the NO-exposed human PCLS.
We grew two types of NO-generating cells on apical membranes
(a mouse macrophage cell line RAW 264.7 or a human bronchial
epithelial cell line A549), induced them with cytokines to express
iNOS, and then cultured them above monolayers of two types
cells that naturally express sGC, a rat fetal lung fibroblast cell
line (RFL-6) or primary HASMCs (14, 20) (Fig. 4A). We ob-
served uniform NO generation in the cocultures, as evidenced by
nitrite accumulation over time. However, the NO production

(nitrite accumulation) supported by RAW cells differed in its
timing and amount compared with the A549 cells, with the latter
supporting a more gradual and diminished extent of NO production
(Fig. 4 B and G and Fig. S5). Nevertheless, the time courses of NO
synthesis correlated with (i) a switch in the pharmacologic sGC
activation-response profile to ultimately favor BAY 60–2770 and
disfavor BAY 41–2272 (Fig. 4 B and G), and (ii) a corresponding
accumulation of SNO-sGC-β1, and dissociation of sGC-β1 from its
sGC-α1 partner (Fig. 4C–F,H, and I). Similarly, exposure of RFL-6
cells alone to a slow-release chemical NO donor caused a buildup
in SNO-sGC-β1 and a shift in the drug response profile to favor
activation by BAY 60–2770 and disfavor activation by BAY 41–
2272 or NO (Fig. S6). RFL-6 or HASMC cultured alone did not
show any of these sGC changes, nor did RFL-6 cells cultured with
unactivated RAW cells or with induced RAW cells in the presence
of the NOS inhibitor NOS inhibitor nitro L-arginine methyl ester
(L-NAME) (Fig. S7). Thus, both human and murine NO-generating
cells eventually caused the rat (RFL-6) and human (HASMC)
sGC-expressing cells to accumulate SNO-sGC-β1, dissociate their
sGC-α1β1 heterodimer, and shift their sGC activation response
profile to favor BAY 60–2770, thereby mimicking the changes in
sGC that we had observed in the asthmatic mouse lungs.

Fig. 2. sGC agonists abolish airway hyper-response in two models of allergic asthma. Mice were treated to develop an inflammatory asthma toward either
OVA or HDME and then received an intratracheal administration of vehicle or BAY drug (50 μL; 30 μg/kg BAY 41–2272 or 90 μg/kg BAY 60–2770) at 30 min
before testing airway resistance. (A and B) Airway resistance recorded for groups of naïve and asthmatic mice in response to methacholine bronchoconstrictor
(Mch), showing the hypersensitive response of asthmatic mice was alleviated by either BAY compound. n = 6 for OVA-challenged mice at dosage 0 and 50 of
Mch and n = 3 at other doses and for control mice. For HDME model, n = 4 for treated or control mice. Values are mean ±SD and are normalized with respect to
their 0 Mch (*P < 0.05, by one-way ANOVA). (C and D) Test of sGC agonist specificity. Representative traces of mechanical tension versus time for tracheal rings
from normal (WT) or sGC-β1−/− mice that were precontracted with CCh, then given BAY 60–2770 or BAY 41–2272, with IBMX. (E and F) Averaged data derived
from replicate experiments with n = 5 rings for WT or sGC-β1−/− using BAY 60–2770 and n = 6 with BAY 41–2272 (*P < 0.05, by Mann–Whitney test two-tailed).
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Working Model. Taken together, our findings support a mechanism
whereby the inflamed asthmatic airway and associated excessive
NO production damages the sGC in airway smooth muscle, and
thereby diminishes the capacity of the NO-sGC-cGMP pathway to
participate in bronchodilation or to relieve bronchoconstriction,
unless sGC stimulators like BAY 41–2272 or activators like BAY
60–2770 are provided. A model summarizing these concepts is
presented in Fig. 5.

Discussion
Our study highlights the potential of targeting the NO-sGC-cGMP
pathway to achieve bronchodilation, particularly in the asthmatic
inflamed lung, by administering drugs that bypass NO and instead
directly act on the sGC. Although the NO-sGC-cGMP pathway is
demonstrably able to bronchodilate preconstricted human lung
slices (Fig. 1), the utility of using NO to induce bronchodilation in
healthy humans may be inherently masked by the continuous NO
generation that takes place in normal human airway (19). This

endogenous NO is likely to fully activate sGC on its own and thus
would mask any potential bronchodilation response to externally
provided NO or to NO-releasing compounds (20). In asthmatic
lungs, our study suggests that a significant portion of airway sGC
actually becomes NO-unresponsive, which would also render ad-
ministration of NO or NO donors less effective (21, 22). However,
the advent of direct-acting sGC agonists like BAY 41–2272 and
BAY 60–2770 provide a new chance to assess the NO-sGC-cGMP
pathway, and we found that these pharmacologic agents can act as
powerful bronchodilators in two established mouse models of al-
lergic asthma. We envision that these findings may spur further
development that will ultimately help initiate clinical trials in hu-
man asthmatics, to treat the significant patient subpopulation (23)
that are inherently resistant toward existing β-agonist bronchodila-
tor drugs or who become resistant during the course of their disease
management. Although systemic circulatory effects have sometimes
been reported for sGC agonist drugs (24), this issue has already been
managed for Riociguat in treating pulmonary hypertension, and

Fig. 3. Asthmatic mouse lungs and NO-treated human PCLS contain altered sGC. (A) Activation profiles of lung supernatant sGC in response to NO donor
(SNAP), BAY 41–2272, and BAY 60–2770. cGMP values are mean ± SD, n = 3 experiments. (B) Relative levels of total and SNO-sGC-β1 in lung supernatants from
asthmatic and naïve mice. (C) Quantification of the SNO-sGC-β1 levels. (D) Change in sGC-β1 association with sGC-α1 and hsp90 as determined by immuno-
precipitation. (E) Quantification of associated sGC-α1 and hsp90. Values are mean ± SD and n = 3 (for C) to 5 (for E) each for naive, OVA, or HDME mice. (*P <
0.05, by one-way ANOVA; ns, not statistically significant). (F) Groups of human PCLS (six to seven slices) were cultured overnight with three concentrations of
NO donor (NOC-18) and their SNO-sGC and total sGC levels were determined. (G) Relative sGC-β1 associations with sGC-α1 versus hsp90 as determined by
immunoprecipitation. (H) Densitometric quantification of the sGC-α1 or hsp90 associated with sGC-β1 from two independent experiments, as described in G.
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Fig. 4. Immuno-activated inflammatory cells alter sGC in responder cells. (A) Transwell coculture containing combinations of NO-producing cells (RAW/
A549) and sGC-containing cells (RFL-6/HASMC) mimics the spatial relationship in the bronchial airways. (B) NO production by IFN-γ/LPS-activated RAW cells
in the Transwell cultures, as indicated by nitrite accumulation, and the corresponding change in RFL-6 sGC activity over time in response to BAY 41–2272
or BAY 60–2770. Values are mean ± SD from three experiments. (C ) Corresponding SNO-sGC-β1 buildup in the RFL-6 cells during the coculture (Left) and
loss in sGC-α1β1 heterodimerization (Right) with time. (D) Quantification of SNO-sGC-β1 levels and sGC-α1 association versus time from two independent
experiments. (E ) Corresponding SNO-sGC-β1 build-up in HASMC (Left) in response to NO from activated RAW cells and loss in sGC-α1β1 heterodimerization
(Right) with time. (F ) HASMC SNO-sGC-β1 levels and sGC-α1 association with sGC-β1 versus time for two independent experiments. (G) Kinetics of NO
production by cytokine-stimulated human A549 cells as indicated by nitrite accumulation, iNOS expression (Inset), and corresponding change in HASMC
sGC responses to BAY 41–2272 or BAY 60–2770. Values are mean ± SD from three experiments. (H) Corresponding SNO-sGC-β1 buildup in the HASMC
(Upper) and loss in sGC-α1β1 heterodimerization (Lower) with time. (I) Comparative SNO-sGC-β1 levels and sGC-α1 association versus time from two in-
dependent experiments.
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it could be minimized in asthma, for example, by creating
inhalable formulations of the sGC agonist drugs.
Historically, the hallmark of sGC oxidative damage has been a

pharmacologic test; that is, demonstrating the existence of (or a shift
toward) a sGC population whose activation is NO-insensitive but
responsive toward an sGC activator like BAY 60–2770. Our study
revealed that this shift occurs for lung sGC during development of
allergic asthma. Thus, allergic asthma joins an expanding group of
inflammatory diseases that are associated with compromised sGC
function and response toward NO (10). Determining the sGC
pharmacologic response profile could likely help in guiding a wide
variety of disease treatments and in following patient management
outcomes, and for fashioning treatment protocols for individual
patients. Beyond this, our study provides information on other
changes in sGC that accompany its shift in pharmacologic behavior.
Specifically, they are a loss in the mature sGC heterodimer pop-
ulation (i.e., the amount of sGC-β1 associated with its partner sGC-
α1 subunit), and a concomitant gain in the population of sGC-β1
that is complexed instead with hsp90. We found this change in sGC-
β1 protein association occurred in lung samples from the asthmatic
mice, and also in human lung slices or HASMC that had been ex-
posed to either chemical- or cell-derived NO in a manner that
mimicked the chronic airway NO exposure that is seen in asthma.
Our previous work (15) showed that BAY 60–2770 could convert the
inactive, hsp90-associated form of sGC-β1 back into active sGC-
α1β1 heterodimers, and our current findings are consistent with this
conversion likely being its mode of action for activating the NO-r-
esistant sGC subpopulation that built up in the asthmatic air-
ways. Regarding BAY 41–2272, we saw that it remained effective
in causing bronchodilation in our asthmatic mouse models, but its
relative efficacy is likely tied to the extent to which a mature sGC
subpopulation remains intact in the inflammed lungs, which in
turn may be inversely related to the degree of lung inflammation.
In any case, our results show that the asthmatic mouse lungs
contained sGC subpopulations that were responsive toward either
class of sGC agonist (stimulators and activators), and thus con-
tinued investigation for their use in bronchodilation is warranted.
Our cell coculture experiments reveal that tight kinetic rela-

tionships exist between NO production, the SNO modification of
sGC-β1, the shift in sGC-β1 protein partners, and the relative

abilities of NO/BAY 41–2272 and BAY 60–2770 to activate sGC
catalysis. Although the kinetic relationships suggest the processes
could be linked mechanistically, further work will be needed to help
decipher their relationships. Regardless, the current study shows how
these changes in sGC behavior are tied to the flux of NO production
in the system. For example, the changes occur in a much more
gradual manner with the slower NO generation by the A549 cells
compared with faster NO generation by the RAW cells (Fig. 4).
Furthermore, in all cases, there is an initial NO exposure period
where the changes associated with sGC damage do not occur. This
delay suggests that the RLF-6 cells and HASMC have protective
mechanisms that enable them to respond to NO in a manner that
does not damage their sGC, but after some time of chronic NO
exposure, a point is reached where the protections break down and
the hallmarks of sGC damage begin to accumulate. We believe this
scenario as demonstrated in our coculture experiments may also take
place in the inflamed asthmatic lung, where increased NO and
possibly other oxidants ultimately tip the balance and compromise
the ability of airway smooth muscle cells to protect their sGC and
allow it to remain NO-responsive and able to participate in
bronchodilation. However, because this problem can be bypassed
by administering direct-acting sGC agonists, they provide a novel
therapeutic approach to achieve bronchodilation in asthma,
despite the persistent airway inflammation and an attenuation
of β-agonist efficacy.

Materials and Methods
Reagents. All chemicals were purchased from Sigma or Fischer chemicals. NO
donors, DETANONOate or DETA/NO, 3-Ethyl-3-(ethylaminoethyl)-1-hydroxy-
2-oxo-1-triazene (NOC-12), SNP, S-Nitroso-N-Acetyl-D,L-Penicillamine (SNAP),
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX), and L-NAME
were purchased from Sigma. BAY 60–2770 (BAY 60) and BAY 41–2272
(BAY 41) were obtained from Bayer AG. RFL-6, macrophage (RAW 264.7),
and human bronchial epithelial (A549) cell lines were purchased from ATCC.
HASMCs were obtained from R.A.P. (University of Pennsylvania, Philadelphia).
cGMP ELISA kit was obtained from Cell Signaling Technology. For animal ex-
periments, wild-type naïve female 6- to 8-wk-old BALB/c mice were purchased
from the Jackson Laboratory.

Antibodies. Rabbit polyclonal sGC-β1 and sGC-α1 antibodies were obtained
from Cayman Chemicals and Abcam, respectively. Rabbit and goat polyclonal

Fig. 5. Model for sGC-based bronchodilation and basis for its alteration in asthma. sGC expressed in healthy airway smooth muscle exists primarily as a heme-
containing (red boxed) α1β1 heterodimer that is activated naturally by airway NO or by compounds like BAY 41–2272 to enable bronchodilation.
In inflammatory asthma, significant sGC becomes SNO-modified or heme-deficient. Such NO-unresponsive or “desensitized” forms are characterized by
sGC-α1β1 heterodimer dissociation and sGC-β1 association with hsp90. Desensitized sGC can still be activated by BAY 60–2770 to trigger airway smooth muscle
relaxation. In this way, pharmacologic sGC stimulators and activators can restore normal bronchodilatory function in inflamed asthmatic lung.
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hsp90 antibodies were obtained from Cell Signaling Technology and Santa
Cruz Biotechnology, whereas mouse-specific iNOS antibody was purchased
from Cell Signaling Technology. Mouse monoclonal β-actin antibody was
purchased from Sigma.

Generation of PCLS and Bronchoconstriction Assays. Human PCLS were pre-
pared as previously described (25–28). Briefly, whole human lungs from non-
asthma and asthma donors were dissected and inflated using 2% (wt/vol) low
melting-point agarose. Once the agarose set, the lobe was sectioned, and cores
of 8-mm diameter were made. The cores that contained a small airway by visual
inspection were sliced at a thickness of 350 μm (Precisionary Instruments VF300
Vibratome) and collected in wells containing supplemented Ham’s F-12 medium.
Suitable airways (≤1-mm diameter) on slices were selected on the basis of the
following criteria: presence of a full smooth muscle wall, presence of beating
cilia, and unshared muscle walls at airway branch points to eliminate possible
counteracting contractile forces. Each slice contained ∼98% parenchyma tissue;
hence, all airways situated on a slice had sufficient parenchymal tissue to impart
basal tone. Adjacent slices containing contiguous segments of the same airway
were paired and served as controls and were incubated at 37 °C in a humidified
air-CO2 (95–5%) incubator. Sections were placed in fresh media every 2–3 h
during the remainder of day 1 and all of day 2 to remove agarose and en-
dogenous substances released that variably confound the production of in-
flammatory mediators or alter airway tone. To assess luminal area, lung slices
were placed in a 12-well plate in media and held in place using a platinum
weight with nylon attachments. The airway was located using a microscope
(Nikon Eclipse; model no. TE2000-U; magnification, 40×) connected to a live
video feed (Evolution QEi; model no. 32–0074A-130 video recorder). Airway
luminal area was measured using Image-Pro Plus software (v6.0; Media Cyber-
netics) and represented in units of square micrometers (25–28). To study bron-
choconstriction and subsequent bronchodilation the PCLS were contracted with
carbachol (CCh; 10−8−10−5 M) followed by addition of agonists like NO donors
(DETANONOate or SNP), isoproterenol (10−9−10−5 M), or formoterol to induce
bronchodilation. In another set of experiments slices were bronchoconstricted
with CCh and then bronchodilated with formoterol or BAY compounds (BAY
41–2272 or BAY 60–2770), at indicated concentrations (10, 20, or 50 μM). For-
moterol dose was given every 5 min; BAY compounds were given after every
30 min. Images were collected 10 min after the addition of test compound
and the area of each airway at baseline and at the end of the time course or
dose of agonist was calculated using Image-Pro Plus software. The human
lung tissue samples and HASMCs obtained from R.A.P.’s laboratory are
commercially obtained from anonymous donors and are therefore exempt
from requiring Institutional Review Board approval. Although these samples
have demographic information about the donors, there are no unique
identifiers that will link the subject’s identification to the tissue sample.

Mouse Models of Allergic Asthma. Allergic airway disease was performed as
described in details elsewhere (29, 30). Briefly, animals were sensitized by in-
traperitoneal injection with OVA (Sigma Chemicals) [10 μg, adsorbed in Al(OH)3]
and after 2 wk challenged with aerosolized OVA [1% (wt/vol) in sterile PBS] for 6
d. Lung mechanics were measured 24 h after the last OVA exposure using the
FlexiVent ventilator (FlexiVent, Scireq); where indicated animals were treated
intratracheally with 90 μg/kg BAY 60 (in 0.09% DMSO, 99.9% 0.2% citric acid
buffer) or 30 μg/kg of BAY 41 (in 0.1% DMSO, 1.7% ethanol, 98.2% 0.2% citric
acid) or vehicle alone before AHR measurements. AHR and lung mechanics in
response to increasing doses of inhaled methacholine were quantified as pre-
viously described (31, 32). After this procedure, bronchoalveolar lavage fluid was
collected and differential count for eosinophils, lymphocytes, neutrophils, or al-
veolar macrophages were performed. All counts were performed by a single
observer blinded to study groups. For the house dust mite model mice were
anesthetized by isoflurane inhalation and intranasally sensitized with 100 μg
HDME in 50 μL saline. Five days later animals received five daily intranasal chal-
lenges of 10 μg HDME in 50 μL saline (32, 33). Seventy-two hours after the final
challenge, BAY treatments and AHR measurements were performed as de-
scribed for the OVA model. All animal experiments were approved by the
Cleveland Clinic Institutional Animal Care and Use Committee.

Preparation of Murine Tissues and Isometric Force Studies. For isometric force
studies, wild-type and sGC-β1

−/− animals were killed by cervical dislocation. Mice
were opened, the trachea was isolated and transferred to Krebs-Henseleit (K-H)

solution bubbled with 95% O2/5% CO2 (vol/vol). Tracheal rings were mounted
longitudinally on fixed segment support pins in two four-chamber myographs
(Myograph 610, Danish Myo Technology) containing 5 mL K-H solution. Resting
tension was set to 4 mN. Rings were precontracted with CCh (0.1 μM). Relaxation
was induced with DEA-NO or BAY compounds as indicated.

Western Blots and Immunoprecipitations. Standard protocols were followed as
previously mentioned (14, 15). For immunoprecipitations (IP), 500 μg of the
total mouse/human PCLS lung or RFL-6 cell supernatant was precleared with
20 μL of protein G-Sepharose beads (Amersham) for 1 h at 4 °C, beads were
pelleted, and the supernatants incubated overnight at 4 °C with 3 μg of anti–
sGC-β1 antibody. Protein G-Sepharose beads (20 μL) were then added and
incubated for 1 h at 4 °C. The beads were microcentrifuged (3,220 × g),
washed three times with wash buffer (50 mM Hepes pH 7.6, 100 mM NaCl,
1 mM EDTA, and 0.5% Nonidet P-40), and then boiled with SDS-buffer and
centrifuged. The supernatants were then loaded on SDS/PAGE gels and
Western blotted with specific antibodies. Band intensities on Westerns were
quantified using ImageJ quantification software (NIH).

cGMP ELISA. The cGMP concentration in various cell supernatants made from
intact cells that had been given sGC activators was estimated using the cGMP
ELISA kit (Cell Signaling Technology). In certain other cases, sGC activity in the
cell supernatants was determined by first passing them through the desalting
G-25 PD-spin trap columns. Enzymatic activity (15, 34) was determined in
10-min incubations containing the protein solution, 500 μM GTP, 20 μM of
sGC activators BAY 41–2272 or BAY 60–2770, and buffer containing 50 mM
triethanolamine/HCl pH 7.4, 3 mM MgCl2, 3 mM DTT, and 250 μM IBMX at
37 °C. Reactions were quenched by addition of 10 mM Na2CO3 and Zn
(CH3CO3)2. The cGMP concentration was then determined by ELISA.

Biotin Switch Assay. The biotin switch assay was performed on tissue or cell
supernatants to determine SNO proteins, as described previously (35), and
the presence of the S-nitrosated target protein was assayed by immuno-
blotting with specific antibodies.

Monolayer Cell Culture and Transwell Coculture. All cell lines were grown and
harvested as previously described (15, 36). Cultures (50–60% confluent) of RFL-6
cells were treated with NO donor NOC-12 (70 μM) for 12 h, with media changed
every 6 h and fresh NOC-12 added. The cells were then treated with 0.5 mM IBMX
for 10 min followed by treatment with NO donor for 5 min (SNAP, 50 μM) or with
a heme-dependent (BAY 41, 10 μM) or a heme-independent (BAY 60, 10 μM) sGC
activator for 30 min before being harvested. Cell supernatants were assayed for
cGMP content by ELISA and for protein content and sGC expression. Similarly,
parallel cultures of RFL-6 were treated with NOC-12 for time points between
0 and 30min and harvested for SNO-sGC determination by biotin switch assay. For
Transwell coculture experiments a macrophage cell line (RAW 264.7) or a human
bronchial epithelial cell line (A549) was grown in six-well Transwell plates in the
apical part. RAW cells were induced to express iNOS with IFN-γ and LPS in the
presence or absence of 3 mM L-NAME (36) for 12 h, and parallel cultures of RFL-6
or HASMCs were maintained in six-well plates. The induced RAW 264.7 cells in the
Transwell baskets were then placed above the RFL-6 (±L-NAME) or HASMC cul-
tures and incubated at varying time points between 0 and 24 h before being
harvested. The A549 cells in the apical chamber were cocultured with
HASMCs in the basal chamber and were simultaneously induced with IFN-
γ, IL-1β, and TNF-α (37) from 0 to 48 h and HASMCs in the basal chamber
were harvested at indicated time points. For all Transwell cocultures, ni-
trite in the cell media measured by Griess assay, with cells being harvested
for cGMP measurement, determination of protein content and iNOS or sGC
expression, SNO-sGC determination, or for immunoprecipitation assays.
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