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Ay, Binnaz, Adeyemi Iyanoye, Gary C. Sieck, Y. S. Prakash,
and Christina M. Pabelick. Cyclic nucleotide regulation of store-
operated Ca2� influx in airway smooth muscle. Am J Physiol Lung
Cell Mol Physiol 290: L278–L283, 2006. First published September
9, 2005; doi:10.1152/ajplung.00188.2005.—Sarcoplasmic reticulum
(SR) Ca2� release and plasma membrane Ca2� influx are key to
intracellular Ca2� ([Ca2�]i) regulation in airway smooth muscle
(ASM). SR Ca2� depletion triggers influx via store-operated Ca2�

channels (SOCC) for SR replenishment. Several clinically relevant
bronchodilators mediate their effect via cyclic nucleotides (cAMP,
cGMP). We examined the effect of cyclic nucleotides on SOCC-
mediated Ca2� influx in enzymatically dissociated porcine ASM cells.
SR Ca2� was depleted by 1 �M cyclopiazonic acid in 0 extracellular
Ca2� ([Ca2�]o), nifedipine, and KCl (preventing Ca2� influx through
L-type and SOCC channels). SOCC was then activated by reintro-
duction of [Ca2�]o and characterized by several techniques. We
examined cAMP effects on SOCC by activating SOCC in the pres-
ence of 1 �M isoproterenol or 100 �M dibutryl cAMP (cell-permeant
cAMP analog), whereas we examined cGMP effects using 1 �M
(Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-1-ium-
1,2-diolate (DETA-NO nitric oxide donor) or 100 �M 8-bromo-
guanosine 3’,5’-cyclic monophosphate (cell-permeant cGMP analog).
The role of protein kinases A and G was examined by preexposure to
100 nM KT-5720 and 500 nM KT-5823, respectively. SOCC-medi-
ated Ca2� influx was dependent on the extent of SR Ca2� depletion,
sensitive to Ni2� and La3�, but not inhibitors of voltage-gated influx
channels. cAMP as well as cGMP potently inhibited Ca2� influx,
predominantly via their respective protein kinases. Additionally,
cAMP cross-activation of protein kinase G contributed to SOCC
inhibition. These data demonstrate that a Ni2�/La3�-sensitive Ca2�

influx in ASM triggered by SR Ca2� depletion is inhibited by cAMP
and cGMP via a protein kinase mechanism. Such inhibition may play
a role in the bronchodilatory response of ASM to clinically relevant
drugs (e.g., �-agonists vs. nitric oxide).

capacitative calcium entry; trachea; adenosine 3�,5�-cyclic monophos-
phate; guanosine 3�,5�-cyclic monophosphate; nitric oxide; isoproter-
enol

AIRWAY SMOOTH MUSCLE (ASM) tone represents a balance be-
tween bronchoconstriction and bronchodilation. The goal of
clinical therapy for pathophysiological states such as asthma,
allergy, and inflammation is to prevent excessive bronchocon-
striction, both in the acute and chronic setting, and to restore a
balance by producing bronchodilation. Cytosolic (intracellular)
Ca2� concentration ([Ca2�]i) is a key determinant of ASM
tone (12, 23, 33). Elevation of [Ca2�]i by bronchoconstrictors
such as acetylcholine (ACh) and histamine involves both Ca2�

release from sarcoplasmic reticulum (SR) stores and plasma

membrane Ca2� influx. In ASM, Ca2� influx is known to occur
through both voltage-gated (36) and receptor-gated (11, 21)
channels. In addition to these mechanisms, we recently dem-
onstrated the existence of controlled Ca2� influx in ASM (2,
22) that occurs via store-operated Ca2� channels [SOCC; also
termed capacitative Ca2� entry (24, 29, 30)] in response to SR
Ca2� depletion, thus allowing for replenishment of intracellu-
lar Ca2� stores (2, 22). SOCC-mediated influx in ASM appears
to be Ni2� and La3� sensitive and is modulated by agonists
such as ACh.

The cyclic nucleotides cyclic adenosine 3�,5�-cyclic mono-
phosphate (cAMP) and cyclic guanosine 3�,5�-cyclic mono-
phosphate (cGMP) mediate the effects of a variety of endog-
enous substances as well as clinically relevant drugs, e.g.,
�2-agonists and nitric oxide (NO), used to produce relaxation
of ASM (13, 25, 28). Cyclic nucleotide effects are mediated in
part by downregulation of mechanisms that would normally
elevate [Ca2�]i in ASM. Previously, we demonstrated that
salbutamol, a �2-agonist (28), as well as NO donors (26)
inhibit ACh-induced [Ca2�]i oscillations in ASM that occur via
repetitive SR Ca2� release and reuptake. Both cAMP and
cGMP also influence the plasma membrane via membrane
hyperpolarization (9, 15) and inhibition of Ca2� influx via
L-type Ca2� channels (16, 17). Given the relative novelty but
somewhat ubiquitous expression of SOCC, there is currently
limited and sometimes inconsistent data on cyclic nucleotide
modulation of Ca2� influx via this mechanism in tissues other
than ASM. In rat aorta, cAMP inhibits SOCC (34) but en-
hances it in astrocytes (37). We hypothesize that cyclic nucle-
otides inhibit SOCC, preventing [Ca2�]i elevation as well as
SR Ca2� store repletion. In the present study, we examined the
effect of cAMP and cGMP on SOCC-mediated Ca2� influx in
porcine ASM cells.

METHODS

Cell preparation. The ASM cell preparation technique has been
previously described in detail (14, 27). In brief, porcine tracheae were
collected from a local abattoir. After removing the adventitia, we
excised and minced the smooth muscle layer in Hanks’ balanced salt
solution (HBSS) containing 10 mM HEPES (pH 7.4; Invitrogen,
Carlsbad, CA). The tissue then was incubated first for 2 h with 20
U/ml papain and 2,000 U/ml DNase (Worthington Biochemical,
Lakewood, NJ), and subsequently for 1 h at 37°C with 1 mg/ml type
IV collagenase (Worthington). After incubation, the sample was
triturated and centrifuged, and the freshly dissociated cells were
resuspended in minimum essential medium with 10% fetal calf serum.
After plating the isolated cells on collagen-coated glass coverslips, we
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followed with another incubation (for 1 h in 5% CO2 at 37°C) to allow
the cells to attach to coverslips.

Real-time fluorescence Ca2� imaging. Cells attached to coverslips
were loaded with 5 �M fura-2 AM (Molecular Probes, Eugene, OR)
for 30–45 min at 37°C in HBSS, washed, mounted on an open slide
chamber (RC-25F; Warner Instruments, Hamden, CT), and perfused
with HBSS at room temperature. Fura-2-loaded cells were visualized
using a MetaFluor real-time fluorescence imaging system (Universal
Imaging, Downingtown, PA) on a Nikon Diaphot inverted microscope
(Fryer Instruments, Edina, MN). Pairs of images for excitation wave-
lengths 340 and 380 nm were obtained once every second, and the
ratiometric data was calibrated for Ca2� levels by previously pub-
lished techniques (8).

Store-operated Ca2� influx. The protocol for activation of SOCC in
ASM has been recently published (2, 22) and is only summarized
here. Whereas in our previous work on SOCC we demonstrated that
Ca2� influx occurs following SR Ca2� depletion either with the
sarco(endo)plasmic reticulum Ca2�-ATPase (SERCA) inhibitor cy-
clopiazonic acid (CPA) or with caffeine, it must be noted that caffeine
depletes only ryanodine-sensitive SR Ca2� stores. Furthermore, CPA
has a more pronounced effect on SOCC compared with caffeine (2).
Finally, caffeine is known to inhibit phosphodiesterase activity in
cells, which would certainly alter cAMP or cGMP levels in the present
study. Accordingly, we selected CPA over caffeine for the present
study.

ASM cells were washed with HBSS and exposed to zero-Ca2�

HBSS (5 mM EGTA) for 5 min to remove extracellular Ca2�

([Ca2�]o). Cells were also exposed to 1 �M nifedipine and 10 mM
KCl during continued absence of [Ca2�]o to inhibit L-type Ca2�

channels. The SR was then passively depleted by 1 �M CPA in
zero-Ca2� HBSS (in the continued presence of nifedipine and KCl),
likely due to continued SR Ca2� leak via both inositol 1,4,5-trisphos-
phate (IP3)- and ryanodine-sensitive SR stores. [Ca2�]i levels gradu-
ally increased and eventually either reached a plateau level or started
to trend down (likely reflecting increasing Ca2� efflux via the plasma
membrane). At this point, 2.5 mM [Ca2�]o was rapidly reintroduced
(in the continued presence of CPA, nifedipine, and KCl), and the
observed [Ca2�]i response was measured. In a subset of cells, 5 mM
caffeine in zero [Ca2�]o was used instead of 2.5 mM [Ca2�]o to verify
a lack of [Ca2�]i response (indicating at least functional SR deple-
tion).

Characterization of SOCC-mediated Ca2� influx has also been
previously reported (2, 22). In addition to the previously published
techniques, in the present study we determined whether the extent of
SOCC-mediated Ca2� influx was dependent on the extent of CPA-
induced SR Ca2� depletion. After exposure to nifedipine and KCl,
cells were exposed to CPA (with nifedipine and KCl) for 2, 5, or 15
min, and SOCC-mediated Ca2� influx was then activated.

Effect of cyclic nucleotides on store-operated Ca2� influx. As
mentioned above, we first established SOCC in ASM cells by per-
forming a control protocol with CPA. After SOCC-mediated Ca2�

influx was observed and the amplitude of the response recorded, the
cells were washed for 15–20 min with HBSS to replenish SR Ca2�

stores and wash out the CPA. [Ca2�]o was then removed, nifedipine
and KCl added, and the cells reexposed to CPA (in the continued
presence of nifedipine and KCl). Once an [Ca2�]i response was
observed (thus ensuring SR Ca2� depletion first), the cells were
exposed for 5 min to one of the following drugs: 1 �M isoproterenol,
100 �M dibutryl cAMP (dbcAMP; a membrane-permeable cAMP
analog), 1 �M (Z)-1-[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]
diazen-1-ium-1,2-diolate (DETA-NO, a NO donor) or 100 �M 8-bro-
moguanosine 3’,5’-cyclic monophosphate (8-BrcGMP, cell-perme-
able cGMP analog). CPA, nifedipine, and KCl were present through-
out this part of the protocol. In the continued presence of CPA,
nifedipine, KCl, and one of the above drugs, [Ca2�]o was rapidly
reintroduced, and the [Ca2�]i response was recorded. In other exper-
iments to determine whether cyclic nucleotide effects on the observed

influx represent effects on SOCC per se, cells were also preexposed to
1 �M La3� following CPA, but before dbcAMP or 8-BrcGMP
exposure. SOCC was then activated in the presence of CPA, nifedi-
pine, KCl, La3�, and dbcAMP (or 8-BrcGMP). We used only
dbcAMP and 8-BrcGMP for these experiments to ensure that cAMP
and cGMP, respectively, were elevated without any additional effects
of indirect activation by isoproterenol or DETA-NO.

To determine whether cyclic nucleotide effects on SOCC were
mediated via protein kinases, we repeated the above experiments (in
separate sets of cells) additionally using protein kinase inhibitors. To
examine the role of protein kinase A, cells already exposed to CPA in
zero [Ca2�]o (and thus SR depleted) were first exposed to 100 nM
KT-5720 (protein kinase A inhibitor) and then to 100 �M dbcAMP.
Extracellular Ca2� was then reintroduced to activate SOCC-mediated
Ca2� influx. In other experiments examining the role of protein kinase
G, CPA-exposed cells in zero [Ca2�]o were exposed to 500 nM
KT-5823 (protein kinase G inhibitor) and then to 100 �M 8-BrcGMP.
SOCC-mediated influx was then activated.

In non-ASM cells, there is evidence for cross-activation of protein
kinases A and G by cGMP and cAMP, respectively (3, 9, 32, 35). To
determine whether such protein kinase cross-activation occurs in
ASM, we performed two sets of experiments. In the first set, cells
already exposed to CPA in zero [Ca2�]o were exposed to 500 nM
KT-5823 and then to 100 �M dbcAMP, before activation of SOCC-
mediated Ca2� influx. In the other set, cells in CPA and zero [Ca2�]o

were exposed to 100 nM KT-5720 (protein kinase A inhibitor) and
then to 100 �M 8-BrcGMP, followed by activation of SOCC-medi-
ated Ca2� influx.

Statistical analysis. Comparisons were done for the same ASM cell
before and after exposure to a drug. Student’s paired t-test was used
for such comparisons. All experimental protocols were not performed
in all cells. Results were replicated in at least five cells obtained from
at least four animals (paired comparisons within cells, independent
testing across cells). Statistical significance was tested at P � 0.05
level. Values are reported as means � SE.

RESULTS

Store-operated Ca2� influx in ASM. Baseline [Ca2�]i levels
in ASM cells ranged from 80 to 110 nM (89 � 8 nM, n � 164)
and either did not change or decreased with removal of [Ca2�]o

or with addition of nifedipine and KCl (presumably reflecting
transient Ca2� efflux via plasma membrane mechanisms). In
the absence of [Ca2�]o but in the presence of nifedipine and
KCl, 1 �M CPA increased [Ca2�]i levels, which eventually
reached a plateau (325–522 nM). At this point, rapid reintro-
duction of [Ca2�]o resulted in a further, sustained elevation of
[Ca2�]i (211–491 nM, Fig. 1, P � 0.05 compared with the first
plateau). Characterization of SOCC-mediated Ca2� influx in
ASM has been recently published (2, 22). In the present study,
several of these characterization techniques were repeated to
ensure that the Ca2� influx observed in the experimental
protocols was indeed mediated by SOCC. The results are
summarized in Fig. 1. In addition, SOCC-mediated Ca2� influx
increased with 5 min of CPA exposure vs. 2 min (presumably
reflecting greater extents of SR Ca2� depletion; Fig. 1). How-
ever, 15-min CPA exposure did not result in greater influx
compared with the 5-min CPA value.

Effect of cAMP on store-operated Ca2� influx. In control
ASM cells, the observed SOCC-mediated Ca2� influx was
reproducible to within 10% with repetitions of the protocol in
the same cells (rundown control). In absence of [Ca2�]o,
exposure to 1 �M isoproterenol (in the presence of CPA) did
not significantly alter the [Ca2�]i levels (Fig. 2). Subsequent
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introduction of [Ca2�]o resulted in a significantly smaller
SOCC-mediated Ca2� influx compared with the control re-
sponses in the same cells (P � 0.05, Fig. 2). In fact, in some
cells, Ca2� influx was completely inhibited, whereas in re-
maining cells, a significantly reduced influx was observed.
Similarly, 100 �M dbcAMP also attenuated the observed Ca2�

influx compared with control (P � 0.05, Fig. 2). The inhibitory
effect of dbcAMP on Ca2� influx was significantly greater
compared with isoproterenol (P � 0.05). Preexposure to 1 �M
La3� resulted in only a small amount of Ca2� influx following
reintroduction of [Ca2�]o even when dbcAMP was present
(11 � 4% of CPA response).

Effect of cGMP on store-operated Ca2� influx. In absence of
[Ca2�]o, exposure to 1 �M DETA-NO in the presence of CPA
did not significantly alter [Ca2�]i (Fig. 3). Subsequent intro-
duction of [Ca2�]o resulted in significantly lesser SOCC-
mediated Ca2� influx compared with the control responses in
the same cells (P � 0.05, Fig. 3). Exposure to 100 �M
8-BrcGMP decreased SOCC-mediated Ca2� influx in some but
not all cells (minimal effect in �40% of cells). In contrast to
isoproterenol vs. dbcAMP, the effect of DETA-NO was sig-
nificantly greater compared with 8-BrcGMP (P � 0.05). Fur-

thermore, the inhibitory effects of isoproterenol and dbcAMP
on SOCC-mediated Ca2� influx were both lesser than those of
DETA-NO but not 8-BrcGMP (P � 0.05). Preexposure to 1
�M La3� resulted in negligible Ca2� influx following re-
introduction of [Ca2�]o even in the presence of 8-BrcGMP
(7 � 4% of CPA response).

Protein kinases A and G and store-operated Ca2� influx. In
cells preexposed to the protein kinase A inhibitor KT-5720, the
inhibitory effect of dbcAMP on SOCC-mediated Ca2� influx
was significantly less compared with inhibition in the absence
of KT-5720 (P � 0.05, Fig. 4). However, only one or two cells
showed complete lack of cAMP-mediated influx inhibition in
the presence of KT-5720. In cells preexposed to the protein
kinase G inhibitor KT-5823, the inhibitory effect of 8-BrcGMP
on SOCC-mediated Ca2� influx was also significantly less
compared with inhibition in the absence of KT-5823 (P �
0.05, Fig. 4).

In ASM cells already exposed to CPA in zero [Ca2�]o,
KT-5823 did not significantly alter [Ca2�]i levels. In the
presence of protein kinase G inhibition by KT-5823, inhibition
of SOCC-mediated Ca2� influx by dbcAMP was significantly
less (P � 0.05, Fig. 4), albeit not to the extent induced by the
protein kinase A inhibitor KT-5720. In contrast to these effects,
in other cells the inhibitory effects of 100 �M 8-BrcGMP on

Fig. 2. Effect of cAMP on SOCC-mediated Ca2� influx. After a control
verification of SOCC-mediated Ca2� influx, ASM cells were washed and
reexposed to CPA, followed by either 1 �M isoproterenol or 100 �M dibutryl
cAMP (dbcAMP, cell-permeant cAMP analog) (A). Neither isoproterenol nor
dcAMP significantly altered [Ca2�]i levels during CPA exposure (B). In the
continued presence of CPA and isoproterenol or dbcAMP, extracellular Ca2�

was reintroduced. The resulting SOCC-mediated Ca2� influx was significantly
decreased in the presence of both isoproterenol and dbcAMP. *Significant
difference from control, §between isoproterenol and dbcAMP (P � 0.05).

Fig. 1. Characterization of store-operated Ca2� channel (SOCC)-mediated
Ca2� influx in airway smooth muscle (ASM). SOCC-mediated Ca2� influx
was triggered following cyclopiazonic acid (CPA)-induced sarcoplasmic re-
ticulum (SR) Ca2� depletion as described previously (2, 22). To characterize
the influx, cells in which SOCC was verified were washed, and the protocol
was repeated in the presence of the agents in A. The resulting SOCC-mediated
Ca2� influx (measured as a percentage of the response to CPA) was signifi-
cantly decreased by Ni2� and La3� and enhanced by ACh. The extent of
SOCC-mediated Ca2� influx was decreased when SR depletion was limited by
only brief exposure to CPA (B). *Significant difference from control (P �
0.05).
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SOCC-mediated Ca2� influx were largely unaffected by pre-
exposure to KT-5720.

DISCUSSION

Cyclic nucleotides (cAMP and cGMP) relax ASM (13, 25)
via several mechanisms that would normally elevate [Ca2�]i in
different smooth muscle types (9, 15–17, 26, 28, 31). In the
present study, we demonstrate that cAMP and cGMP also
inhibit SOCC-mediated Ca2� influx. Given the fact that SR
Ca2� release is an important contributor to total [Ca2�]i in
ASM, inhibition of SOCC-mediated influx would only lead to
lesser available SR Ca2� release during agonist stimulation and
thus to enhanced relaxation of ASM.

SOCC and [Ca2�]i regulation in ASM. In ASM, both extra-
cellular Ca2� influx and SR Ca2� release are important in
regulation of [Ca2�]i. The initial [Ca2�]i response to agonists
such as ACh involves SR Ca2� release; however, SR Ca2�

release continues to occur, sometimes displaying an oscillatory
pattern (27). Regardless, maintenance of [Ca2�]i likely in-
volves sustained Ca2� influx, at least serving to maintain and
replenish SR Ca2� and to compensate for plasma membrane
Ca2� efflux. In this regard, Ca2� influx occurs via both
voltage-gated (36) and receptor-gated channels (11, 21). In

recent studies, we (2, 22) and others (10) found that Ca2�

influx in ASM occurs in response to SR Ca2� depletion. Such
store-operated Ca2� influx (i.e., SOCC) has now been demon-
strated in several smooth muscle types (1, 5–7, 19). In ASM,
such influx is blocked by Ni2� and La3� (2, 19, 22) and is
triggered by Ca2� release via IP3 receptor channels and ryan-
odine receptor channels (2). A novel finding in the present
study was that the extent of SOCC-mediated Ca2� influx was
correlated to the extent of SR Ca2� depletion (as determined by
the timing of CPA exposure). However, we did not directly
measure the state of SR Ca2� stores. Nonetheless, these data
suggest that SOCC-mediated influx may play a role even
during agonist stimulation resulting in only partial SR deple-
tion. It remains to be determined whether certain thresholds of
SR Ca2� stores exist for triggering of SOCC-mediated Ca2�

influx.
Effect of cyclic nucleotides on [Ca2�]i in ASM. Cyclic

nucleotides (cAMP and cGMP) are known to produce smooth
muscle relaxation (13, 25). cAMP is activated by �-adrenore-
ceptor agonists such as albuterol, terbutaline, isoproterenol,
and some prostaglandins (e.g., PGE2). cAMP activation is
coupled to adenylate cyclase, which in turn activates protein
kinase A. cAMP-mediated actions in smooth muscle reflect
downregulation of mechanisms that would normally elevate
[Ca2�]i, thus leading to relaxation. For example, in the pres-
ence of ACh and histamine stimulation, cAMP increases IP3

hydrolysis, reducing IP3-induced SR Ca2� release. In vascular
smooth muscle, cAMP increases calcium uptake by internal
stores (31). In a previous study, we demonstrated that cAMP
activation via salbutamol, a �2-agonist, inhibits ACh-induced
[Ca2�]i oscillations in ASM that occur via repetitive SR Ca2�

release and reuptake (28). In that study, we also found that
salbutamol as well as a cell-permeant cAMP analog increase
the rate of decline in [Ca2�]i within each oscillation, suggest-
ing accelerated SR Ca2� reuptake. Other studies in non-ASM
cell types have found that cAMP activates plasma membrane
K� channels, leading to membrane hyperpolarization (15),
thus leading to inhibition of Ca2� influx via L-type Ca2�

channels (16, 17). Thus there is considerable previous evidence

Fig. 4. Role of protein kinases A and G in cyclic nucleotide inhibition of
SOCC-mediated Ca2� influx. In the presence of a protein kinase A inhibitor
(KT-5720), dbcAMP produced less inhibition of SOCC-mediated Ca2� influx.
However, even in the presence of a protein kinase G inhibitor (KT-5823),
dbcAMP inhibition of SOCC was partially reversed, suggesting cross-activa-
tion of protein kinase G. 8-Br-cGMP inhibition of SOCC-mediated influx was
partially reversed by KT-5823 but was not affected by KT-5720. *Significant
difference from control, §between influx in the presence vs. absence of protein
kinase inhibitor (P � 0.05).

Fig. 3. Effect of cGMP on SOCC-mediated Ca2� influx. As with cAMP,
following a control evaluation of Ca2� influx, ASM cells were washed and
reexposed to CPA, followed by either 1 �M (Z)-1-[N-(2-aminoethyl)-N-(2-
ammonioethyl)amino]diazen-1-ium-1,2-diolate (DETA-NO, a nitric oxide do-
nor) or 100 �M 8-bromoguanosine 3’,5’-cyclic monophosphate (8-BrcGMP,
cell-permeant cGMP analog) (A). In the continued presence of CPA and
DETA-NO or 8-BrcGMP, SOCC-mediated Ca2� influx following reintroduc-
tion of extracellular Ca2� was significantly decreased by both DETA-NO and
8-BrcGMP (B). *Significant difference from control, §between DETA-NO and
8-BrcGMP (P � 0.05).
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(albeit not all in ASM) for cAMP modulation of several
mechanisms that increase [Ca2�]i. However, data on cyclic
nucleotide modulation of SOCC in smooth muscle are rela-
tively novel and limited. For example, in rat aorta, cAMP has
been found to inhibit SOCC (34), whereas in astrocytes there
appears to be enhancement of SOCC-mediated Ca2� influx by
cAMP (37). However, Liu et al. (18) recently reported that in
portal vein myocytes, �-adrenoceptor stimulation profoundly
inhibits SOCC-induced Ca2� currents. In agreement with re-
sults in vascular smooth muscle (18, 34), the present study
found that cAMP (either by �-adrenoceptor activation or by
direct elevation) inhibits SOCC in porcine ASM. Furthermore,
the present study demonstrates that cAMP effects on SOCC in
ASM are largely mediated via protein kinase A. Given the
well-recognized bronchodilatory role of �-adrenoceptor ago-
nists, inhibition of SOCC would be expected to lead to lesser
available SR Ca2� release during agonist stimulation and thus
to enhanced relaxation of ASM. The significant difference in
the inhibitory effect of cAMP on SOCC by �-adrenoceptor
activation (isoproterenol) vs. direct cAMP elevation (dbcAMP)
is also interesting. The relatively greater effect of dbcAMP was
somewhat surprising since both compounds elevate cAMP,
albeit with different mechanisms. However, we did not directly
measure intracellular cAMP levels following the concentra-
tions of isoproterenol or dbcAMP used. It is possible that
dbcAMP produced a relatively greater quantity of cAMP, thus
resulting in greater SOCC inhibition. Regardless, the fact that
both compounds produce SOCC inhibition suggests that under
conditions where �-adrenoceptor activation is less effective
(e.g., during acidosis), indirect cAMP activation may still be a
potential technique for producing bronchodilation.

The effects of cGMP in ASM function have been recently
reviewed (9). NO and atrial natriuretic peptide relax ASM via
guanylyl cyclase activation, cGMP production, and protein
kinase G activation. In vascular smooth muscle, protein kinase
G activation increases calcium uptake by internal stores (e.g.,
SERCA) and activation of maxi-K� channels (membrane hy-
perpolarization), leading to decreased [Ca2�]i. In previous
studies, we found that NO donors inhibit ACh-induced [Ca2�]i

oscillations in ASM cells (26). Furthermore, as with cAMP,
both NO and cGMP analogs increase the rate of decline in
[Ca2�]i during ACh-induced oscillations, suggesting acceler-
ated Ca2� reuptake. There is currently little data on cGMP
effects on SOCC-mediated Ca2� influx. Studies in vascular
smooth muscle (20) and endothelial cells (4) show cGMP
inhibition of SOCC, as do the results of the present study in
ASM. Furthermore, our experiments demonstrate that cGMP
inhibition of SOCC is mediated via protein kinase G. Interest-
ingly, compared with cAMP, cGMP (at least an NO donor)
appears to be more potent in inhibiting SOCC. Whether this
difference translates to differential bronchodilatory responses
of drugs acting via the cAMP vs. cGMP pathways remains to
be determined.

An important finding in vascular smooth muscle cells has
been that cAMP and cGMP cross-activate protein kinases A
and G, resulting in common effects on smooth muscle (3, 9, 32,
35). However, cross-activation has not been well studied in
ASM but is of significant interest to clinical therapy given the
potential for pathways activated by NO donors or ANP to
enhance effects of �-adrenoceptor agonists in the treatment of
bronchoconstriction. Furthermore, drugs that activate one path-

way may still be effective in decreasing [Ca2�]i in ASM, even
when the other pathway is inhibited by other drugs. In the
present study, we were able to demonstrate that cAMP-medi-
ated inhibition of Ca2� influx via SOCC involves, at least in
part, cross-activation of protein kinase G by cAMP. However,
it must be noted a considerable portion of the cAMP effect is
in fact mediated via protein kinase A, suggested by the almost
complete lack of cAMP inhibition of SOCC in the presence of
a protein kinase A inhibitor. These data on SOCC are consis-
tent with data on L-type Ca2� channels in other smooth muscle
types (3, 35).

In contrast to cAMP effects, studies have shown that cGMP
inhibits protein kinase A (9). However, we were unable to
demonstrate cGMP effects on protein kinase A. This does not
necessarily rule out any cGMP effects on the cAMP pathway.
Given the potency of DETA-NO and cGMP effects on SOCC,
any inhibition of cAMP effects (and thus reduced effects on
SOCC) may have been masked. Further studies on these issues
are warranted.

In summary, we demonstrate that cAMP and cGMP inhibit
SOCC-mediated Ca2� influx in ASM cells, predominantly via
their respective protein kinases, with additional contribution
from protein kinase cross-activation. Given the role of SR
Ca2� release in ASM [Ca2�]i regulation, inhibition of SOCC-
mediated influx would only lead to lesser available SR Ca2�

release during agonist stimulation and thus to enhanced relax-
ation of ASM. The effects of cyclic nucleotides on SOCC have
clinical potential in that several classes of bronchodilating
drugs may be used in isolation or in combination to produce
ASM relaxation under conditions where a single drug may be
less effective.
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